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Abstract 
 
It is widely accepted that size selective mortality induced by commercial fishing can and does 
cause changes in life history traits that include shifts in maturation age, growth rate and body 
size.  However, whether these changes are the result of fisheries induced evolution (genetic 
change) or phenotypic plasticity is still unclear. Moreover, where evolution is rapid, epigenetic 
or regulatory change has also been found to drive major shifts in life history change.  
 
To examine the genetic and phenotypic response to size selective harvesting, a previous study 
(van Wijk 2011a) subjected guppies to divergent size-specific selection.  Following selection, a 
significant difference in both body size and age at maturation was identified as well as 
signatures of selection at five candidate loci.  The project described here utilised these 
selection lines to examine the genome wide factors contributing to such life history shifts.  
 
To assess the genome wide response to size selective harvesting, RAD sequencing was 
employed to identify and type large numbers of SNPs in individuals from the selection lines, as 
well as individuals from the generation prior to selection.  Significant and consistent signs of 
selection were identified at 37 SNPs, the majority of which were located on the sex 
chromosome.  The results showed that, in addition to previously observed genetic change, 
additional regions of the guppy genome responded to, and were associated with, observed 
phenotypic shifts. 
 
Variation in the level of predation in wild populations creates variation in life history traits similar 
to those seen after size selective harvesting.  We therefore examined the 37 SNPs identified 
by the RAD sequencing of the selected lines in 18 populations of wild guppy.  No consistent 
signs of selection were identified in these wild populations, suggesting that the genetic 
architecture underpinning variation in life history traits in the guppy varies in different 
populations.     
      
To determine the role of epigenetic change the focus has been on DNA methylation.  In order 
to assess the levels of DNA methylation a technique known as methylation sensitive AFLP has 
been used.  Using this technique, comparisons of the level of DNA methylation between both  
the selection lines and the before and after selection fish were made as well as comparisons in 
the levels of DNA methylation between a range of tissue types from the guppy.  Results 
showed that patterns of DNA methylation differ significantly between different tissues in the 
guppy.  Genome wide patterns of genome wide methylation did not differ significantly between 
the selection lines, however locus-specific variation in DNA methylation was identified.  
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Chapter 1: General Introduction 
1.1 Abstract 
Anthropogenic pressures, particularly harvesting, have been found to cause phenotypic trait change 
in a large number of wild populations.  One such pressure which has been widely studied is the 
mortality imposed by fisheries.  It is widely accepted that size selective mortality, induced by 
commercial fishing, causes changes in life history traits that include shifts in maturation age, growth 
rate and body size.  However, whether these changes are the result of fisheries induced evolution 
(genetic change) or phenotypic plasticity has been debated.  Although there have been several 
attempts to examine the contribution of genetic change and phenotypic plasticity using modeling, 
these attempts have been criticised.  Recently, a study used the guppy (Poecilia reticulata) as a 
model species to undertake a selection experiment and provide evidence of genetic change 
associated with harvesting (van Wijk 2011b).  Guppies are a model species because they are 
amenable to experimental manipulation and have been shown to respond to predation by evolving 
differing life history traits.  Furthermore, there exists an extensive genomic toolbox for the species, 
making them ideal for studying the genomic changes underpinning observed shifts in life history 
traits.  The following chapter discusses fisheries induced evolution and the van Wijk (2011) 
selection experiment in more detail.   Although it is important to examine the genetic basis for shifts 
in life history traits, it is also necessary to consider whether epigenetic changes have a role to play.  
DNA methylation is one of the most widely studied epigenetic modifications and its contribution to 
complex traits is also discussed in the following chapter.     
 
1.2 Contemporary evolution 
The theory of evolution underpins biology.  An understanding of how species evolve and adapt to 
changing environments, especially those that are rapid, has become increasingly important due to 
growing anthropogenic pressures.  Evolution has historically been considered a very slow process 
(Darwin 1859, Mayr 1963), however it is now widely recognised that adaptive evolution can take 
place over contemporary time periods (within tens of generations: Reznick 1987, Khater et al. 
2014).  Although acceptance that anthropogenic impacts may constitute stronger and more direct 
selection pressures than natural selection is relatively recent (Palumbi 2001, Stockwell et al. 2003, 
Palkovacs et al. 2012), some early examples of contemporary evolution provide classic instances of 
human-induced change (Kettlewell 1958).  The escalating impact of anthropogenic pressures such 
as global warming, habitat destruction, introductions and overexploitation require a better 
understanding of contemporary evolution in order to enable effective detection, prediction and 
mitigation of impacts (Carroll et al. 2007, Salamin et al. 2010, Skelly 2010).   
 
One of the earliest documented examples of both contemporary evolution and human-induced trait 
change is that of the peppered moth Biston betularia, the pale morph of which increased from 
making up only 0.1% of the population to 98% in less than 50 years as a result of increased air 
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pollution from industrial revolution (Kettlewell 1958).   Although the accuracy of these results has 
since been questioned (Rudge 1999), there is now an abundance of anthropogenic impacts, such 
as habitat disturbance (Desrochers 2010, Franssen 2011), pest control (McKenzie and Batterham 
1994, Raymond et al. 2001), overexploitation (Jachmann et al. 1995, Cooke et al. 2007, Shackell et 
al. 2009), climate change (Stiling et al. 2003) and introductions (Peckarsky and McIntosh 1998, 
Cousyn et al. 2001), which have been shown to induce adaptive changes.  While the majority of 
anthropogenic pressures driving human-induced trait evolution are considered to be negative and 
often result in maladaptive changes, there are also documented conservation actions that have led 
to trait changes (Rolshausen et al. 2009).  Impacts of human-induced trait change are not only 
limited to the species that the anthropogenic pressure immediately impacts, but can also can lead to 
trait changes in species with which they interact (Blackstone and Joslyn 1984), as well as other 
ecological effects (Palkovacs et al. 2012).  
 
The main focus of the investigation into human-induced trait change has been the effects of 
harvesting, with studies having shown that harvesting has the ability to induce trait change 300x 
faster than natural drivers, and 50x faster than other anthropogenic drivers (Darimont et al. 2009).  
Although humans have always hunted animals, whether for food, clothes or tools, the development 
of technologies and the growth in industrial-scale mechanised fisheries has resulted in 
anthropogenic selection pressures that far outstrip most natural selection pressure.  However, it 
was not until the late 1970’s (Handford et al. 1977) and early 1980’s (Ricker 1981) that the effects 
harvesting can have on phenotypic traits were widely recognised.  Today there is a large body of 
evidence showing changes in phenotypic traits as a direct result of overexploitation (Ovis 
canadensis: Coltman et al.  2003; Festa-Bianchet et al.  2014; Cervus elaphus: Thelen 1991; Rivrud 
et al.  2013; Vulpes vulpes: Haldane 1942; Loxodonta africana: Jachmann et al.  1995; Nuzzo & 
Traill 2014; Chiyo et al.  2015; Aepyceros melampus: Muposhi et al.  2015; Ovis gmelini musimon: 
Garel et al.  2007).  Despite its importance there are still many questions surrounding the 
mechanisms underlying such changes, and few studies have been able to successfully identify the 
genetic basis underpinning the trait in question (Hendry et al.  2008).   
 
1.3 Fisheries induced evolution 
Although fishing alone would be enough to drive selection for smaller size and age at maturity 
(Heino et al. 2015) the non-random nature of size selective harvesting significantly amplifies such 
effects.  Due to the higher value of larger fish and regulations which prevent the harvesting of fish 
below a certain size (e.g. Council Regulation [EC] 850/98), the selection imposed on fish 
populations by fishing is frequently size-specific.  Similar selection pressures driven both by size-
selective harvesting and natural predation can be seen in other species, particularly in where a 
predator has been introduced (Strauss et al. 2006).   However, it has been shown that the number 
of aquatic species known to have been subjected to size-selective harvesting was almost four and 
half times larger than among terrestrial species (Fenberg and Roy 2008).  For some species of fish 
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the mortality rate imposed by fisheries can be as high as 400 times their natural mortality (Mertz 
and Myers 1998), and it is for these reasons that most work into the effects of size-selective 
harvesting has focused on the impact of fisheries.     
 
The trait or traits human-induced change affect is determined by the phenotype primarily harvested.  
For example trophy hunting in elephants (Loxodonta africana) involves removal of those individuals 
with the largest tusks, thereby driving selection to favour individuals with smaller tusks (Coltman, 
O’Donoghue, and Jorgenson 2003).  As discussed above, fisheries remove the largest individuals, 
and life history theory predicts that increased mortality of larger individuals will drive selection to 
favour individuals which reach sexual maturity earlier and at a smaller size (Roff 1992, Heino and 
Godø 2002, Olsen et al. 2004, Jorgensen et al. 2007, Marshall and Browman 2007, Heino and 
Dieckmann 2008, Conover and Baumann 2009b, Kuparinen et al. 2009). 
 
The two main traits which form the focus of fisheries induced evolution are body size and age at 
maturation.  Many commercially important fish species, including cod (Heino et al. 2002, Olsen et 
al. 2004, Baulier et al. 2006), European and American plaice (Barot et al. 2005, Rijnsdorp et al. 
2005, Grift et al. 2007), sole (Mollet et al. 2007), haddock (Wright, Gibb, et al. 2011), herring 
(Engelhard and Heino 2004, Enberg and Heino 2007), grayling (Haugen and Vøllestad 2001) and 
salmon (Ricker 1981, Hard, Gross, Heino, et al. 2008), have been shown to reach a smaller size 
and/or mature at a younger age.  One of the difficulties in fully understanding the mechanisms 
underpinning these changes is the definition of the traits in question.  The specific measurement 
used to determine body size often depends on the species being studied. One of the more 
commonly used measurements is the standard length however mass has also been used 
(Rijnsdorp et al. 2005).  Age at maturation has not often been used in direct measurements of wild 
fish due to the difficulties in measuring it.  It is, however, one of the most commonly studied traits 
when modelling approaches are used. In these studies age at maturation is calculated as the age at 
which a fish has a 50% chance of maturing (Marshall et al. 2009).  It has been argued that the focus 
of FIE should be growth rate and that using body size and age at maturation as a proxy for growth 
rate does not fully consider the wide range of mechanisms which can affect growth (Enberg et al. 
2012).  However, until it is possible to directly measure the specific growth rate of wild fish, body 
size and age at maturation will continue to be used.    
 
Although it is now widely accepted that changes in life history traits do occur as a result of fishing, 
disentangling how much of the change in life history traits is a result of environmental effects and 
how much is a result of evolutionary change has proved difficult and controversial (Kuparinen and 
Merilä 2007, Marshall and Browman 2007, Browman, Law, and Marshall 2008, Enberg et al. 2012).  
Several studies have suggested that observed changes in phenotypic traits for some species are a 
result of environmental changes and phenotypic plasticity (Morita and Fukuwaka 2006, Kraak 2007, 
Marshall and Browman 2007, Salmon et al. 2008, Daufresne et al. 2009).  Many fish populations 
are now at historically low population sizes and densities that reduce intraspecific competition and 
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potentially alter growth rates (Trippel 1995, Stokes and Law 2000, Sinclair 2002, Roos 2006, Kraak 
2007, Thorpe 2007). Moreover, change in water temperature also has the potential to alter growth 
rates (Stokes and Law 2000, Sinclair et al. 2001, Law 2007, Thresher et al. 2007, Daufresne et al. 
2009) and phenotype (Seymour 1959, Hempel and Blaxter 1961).  When combined with density 
effects, these environmental factors have the potential to induce the observed changes in life 
history traits (early maturation and smaller size: Hutchings 2000; Wootton 1999; Roff 2003).   
 
If evolutionary change as a direct response to fishing pressure is responsible for the observed 
changes in life history traits, there are four basic conditions which must be met: the trait must (i) 
show phenotypic variation (Conover and Baumann 2009b, Enberg et al. 2012); (ii) some of the 
phenotypic variation must be heritable (Gjedrem 1983, Kuparinen and Merilä 2007, Carlson and 
Seamons 2008, Hutchings and Fraser 2008, Conover and Baumann 2009b); (iii) the optimal 
phenotype  under fisheries selection must be different to the optimal phenotype under natural 
selection (Hendry et al. 2011), and finally (iv) the selective force, i.e. fishing, must be sufficiently 
strong to outweigh natural selection (Edeline et al. 2007).  All changes in life history traits observed 
in harvested fish stocks show significant phenotypic variation which has also been found to be 
heritable (Stokes and Law 2000, Heino and Godø 2002, Law 2007).  For many of these traits, the 
direction of selection imposed by fishing is opposite that of natural selection (Conover 2007, Edeline 
et al. 2007), and the strength of selection imposed is significantly higher than that of natural 
selection (Mertz and Myers 1998, Edeline et al. 2007).  However, although there is evidence that 
fishing fulfils all of the conditions required to drive evolutionary change, irrefutable evidence that 
genetic change occurs has been challenging to obtain (Heino et al. 2015).   
 
There have been several attempts made to disentangle the effects of environmental and genetic 
change, most of which can be broadly categorised as either indirect approaches, such as modelling 
and analysis of temporal data sets for exploited fish stocks or, direct approaches, such as selection 
experiments and use of molecular techniques (Conover and Baumann 2009b).  By far the strongest 
support for fisheries-induced evolution is currently provided by indirect approaches, specifically 
probabilistic maturation reaction norms (PMRN) (Stearns and Koella 1986, Heino et al. 2002, Olsen 
et al. 2004, Dieckmann and Heino 2007, Swain et al. 2007, Hard, Gross, and Heino 2008, Heino 
and Dieckmann 2008, Hutchings and Fraser 2008, Dunlop et al. 2009, Sharpe and Hendry 2009).  
By determining and plotting the probability of an immature fish reaching maturity as a function of 
age and size, the PMRN aims to control for environmental plasticity (Heino et al. 2002).  However 
the reliance the PMRN approach has on maturation being only a function of age and size has led to 
criticism of the method (Kinnison and Hendry 2001, Kraak 2007, Kuparinen and Merilä 2007, 
Marshall and McAdam 2007, Morita et al. 2009, Uusi-Heikkilä et al. 2011), with several studies 
providing evidence that traits other than age and size can significantly affect the probability of 
reaching maturity (Morita and Fukuwaka 2006, Grift et al. 2007, Kraak 2007, Kuparinen and Merilä 
2007, Morita et al. 2009). In an attempt to overcome such problems, multidimensional PMRN’s have 
been developed for many species (Baulier et al. 2006, Grift et al. 2007, Kraak 2007, Mollet et al. 
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2007) and although it is theoretically possible to include all factors influencing body size when 
producing PMRN’s, obtaining relevant data for all possible covariates is extremely difficult. 
Consequently, most multidimensional PMRN’s still only contain a maximum of three dimensions 
(Vainikka et al. 2008, Marshall et al. 2009, Pauli and Heino 2013).   
 
In an attempt to overcome the difficulties of fully modelling such complex traits, selection 
experiments have also been undertaken to investigate FIE.  Although an experimental approach 
was used as early as 1975 (Silliman 1975), the use of selection experiments to distinguish between 
environmental and genetic effects of harvesting and has only recently begun receiving significant 
attention (Fuller et al. 2005, Conover and Baumann 2009b).  One of the most recent experiments 
into the effect of harvesting on life history traits was undertaken by Conover & Munch (2002), which 
supported the theory of fisheries-induced evolution.  Despite providing insights, selection 
experiments have been criticised for their simplification of natural environments that has the 
potential to eradicate or minimise gene X environment interactions (Holloway et al. 1990, Hoffmann 
and Merilä 1999).  Studies such as that by Conover & Munch (2002) have been further been 
criticised for the high level of harvesting imposed, which it has been argued, are significantly higher 
than most wild harvested populations experience (Hilborn 2006, 2007).  Others have argued that 
such high experimental harvesting rates enable the speed at which traits will change to be 
calculated for species being harvested at lower rates (Brown et al. 2008).  Even though selection 
experiments have provided support for fisheries-induced evolution, direct empirical evidence 
demonstrating genetic change underpinning the phenotypic shifts was needed before a definitive 
conclusion could be reached.  However, while efforts have being made to apply molecular 
techniques to wild populations (Nielsen et al. 2009, Jakobsdóttir et al. 2011), unequivocal genetic 
evidence is rare.   
 
1.3.1 Combining a selection experiment and with a molecular approach 
In 2008 a study aiming to provide the desired empirical genetic evidence was initiated (van Wijk 
2011a).  This study combined the use of a selection experiment on Trinidadian guppies (Poecilia 
reticulata) with molecular genetic techniques in order to examine directly the extent of genetic 
change associated with controlled contrasting harvesting regimes.  The first three generations were 
left to breed freely with generations being kept separate (by removing all juveniles).  From the third 
generation (F3) 550 males were selected to make the F4 generation.  Of those 550, 50 were 
randomly selected to create the control line and the smallest 20% used to create the small line and 
the largest 20% used to create the large line.  For each line two replicates were created (e.g. small 
line 1; small line 2; large line 1 and large line 2).  In order to create each of the following three 
generations once 100-150 (male) fish were mature the 50 smallest and largest fish were selected 
for the next generation, i.e. when 100-150 of the male offspring from the F3 generation in the L1 line 
(large 1) were mature they were measured and the 50 largest fish became the F4 generation for 
that line.  Once the F6 generation had been created, 50 males were randomly collected and 
measured for size and age and size at maturation.  Throughout generations F3-F6 females were 
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not subjected to any selection and the females selected to create the next generation were selected 
randomly.  This was primarily due to the fact that females have indeterminate growth whilst males 
stop growing once they reach maturity, meaning that any size selection of females would have been 
selecting for age rather than size.  (See Figure 1.1 for a schematic representation) 
 
During the course of the study body size, neutral microsatellites and seventeen candidate loci were 
monitored at every generation. Additionally, measures of maturation size and age were monitored in 
the generations before and after selection.  Findings showed a significant difference in both body 
size and age and size at maturation following selection (body size showed a change of ±7%, whilst 
age and size at maturation changed by ±4-6% and ±8-12% respectively).  Importantly, this study 
also showed significant signs of selection at five of the seventeen candidate loci being monitored 
thereby providing empirical genetic evidence of changes in life history traits as a direct result of 
harvesting.   
 
By combining a selection experiment with molecular genetic techniques, van Wijk (2011) provided 
empirical evidence of genetic changes in life history traits as a direct result of harvesting.  Now that 
evidence of genetic change as a direct result of size-selective harvesting is available, it is important 
to further consider the broader evolutionary processes involved, and the level of genomic change 
taking place.   
 
1.4 Importance of understanding fisheries-induced evolution 
In terms of fisheries and their management, the importance of understanding the cause of the 
observed changes in life history traits lies in their potential for reversibility (Conover and Baumann 
2009b, Enberg et al. 2009).  If the process is a result of environmental changes and phenotypic 
plasticity, then it is to be expected that the observed changes will be readily reversible, if and when 
fishing ceases (Dieckmann and Heino 2007, Jorgensen et al. 2007, Kuparinen and Merilä 2007).   
As fishing pressure is removed, environmental conditions such as population density would be 
expected to return to pre-exploitation levels, indicated by phenotypes reverting to their pre-
exploitation optima.  If however, the changes in life history traits are a result of genetic change, it is 
likely that they would require much longer to reverse, if at all (Dieckmann and Heino 2007, Enberg 
et al. 2009).  By removing most of the fish whose genes predispose them to grow larger or for later 
maturation, the alleles that code for these traits would also be reduced in frequency, and may 
ultimately be lost from populations completely.  If such alleles are reduced in frequency, or removed 
completely, it will take a long time for an exploited population to recover, even when the fishing 
pressure is reduced or  
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Figure 1.1: Schematic representation of selection experiments, showing the number of fish reared in the 
different generations F0-F6. Numbers of fish selected and used for breeding the next generation are indicated 
in grey, the different shades indicating the different treatments: light grey for small-selected lines, dark grey 
for large-selected lines and intermediate shading for random breeding generations.  Figure from (van Wijk 
2011a). 
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removed (Roos 2006, Kuparinen and Merilä 2007).  Genetic variation underpinning large body size 
for example, would either have to evolve again through mutation, or via immigration from other 
populations.  Studies have considered the reversibility of fisheries-induced evolution and found that 
while some traits recovered, others did not (Salinas et al. 2012). More information is, however, 
needed before the reversibility of fisheries-induced evolution can be fully assessed (Kuparinen and 
Hutchings 2012). 
 
In addition to the importance of understanding whether the causes are primarily genetic or 
environmental, the genomic nature of genetic changes will also affect the potential rate of recovery 
(Conover et al. 2009).  Questions including whether changes are occurring at few small-effect or 
several large-effect genes (Roesti et al. 2012), and whether selection acts on new or standing 
genetic variation (Akey 2012), will be important in determining rate of recovery.  For example if the 
observed shifts in life history traits are underlain by changes at few large-effect loci, it could be 
argued that following a moratorium on fishing, a small number of loci involved would facilitate 
recovery, compared to a scenario where changes had occurred at a large number of small- effect 
loci.   
 
Size-selective harvesting not only has direct impacts on the species being harvested, but also on 
wider ecosystem processes, such as primary productivity, decomposition rates and nutrient cycling 
(Bassar et al. 2010).  Therefore further knowledge of the rate of recovery will also provide an insight 
into the likely persistence of such ecosystem-wide effects in exploited communities, as well as 
where predation is strongly size-selective (Walsh and Reznick 2011, Furness et al. 2012, Furness 
and Reznick 2014, Travis, Reznick, and Bassar 2014, El-Sabaawi, Bassar, et al. 2015, El-Sabaawi, 
Marshall, et al. 2015).   
 
In order to answer questions about the genomic architecture underpinning the observed shifts in life 
history traits it is necessary to examine genome-wide changes following size-selective harvesting.  
Several studies have examined adaptation of guppies to size-selective predation (see Magurran 
2005 and references therin), as well as ongoing work examining the ecosystem wide impacts of 
changes in life history traits (Travis, Reznick, Bassar, et al. 2014, El-Sabaawi, Bassar, et al. 2015, 
El-Sabaawi, Marshall, et al. 2015). Collectively, such studies in addition to the existence of size 
selected lines derived from van Wijk (2011) and van Wijk et al.  (2013), provide a unique opportunity 
to examine genome-wide impacts of size-selective harvesting and attempts to address some of the 
questions outlined above.  
 
1.5 The guppy, Poecilia reticulata  
Despite being native to Venezuela, Guyana, Suriname, Trinidad and Tabago (Farr 1975), the small 
viviparous guppy, Poecilia reticulata, has been introduced to every continent apart from Antarctica, 
both as a method of controlling mosquitoes (Courtenay et al. 1989), and through its huge popularity 
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in the aquarium trade (Figure 1.2).  In Trinidad, guppies can be found widely distributed in 
freshwaters and can even survive in highly polluted water (Magurran and Phillip 2001). The ability of 
P. reticulata to adapt to, and thrive across, a range of conditions is part of the reason that it is now 
classed as a model organism in disciplines such as animal behaviour (Magurran et al. 1995, 
Swaney et al. 2001, Amundsen 2003, Croft et al. 2009, Agrillo et al. 2012), population genetics 
(Carvalho et al. 1991, 1996, Shaw et al. 1991, Barson et al. 2009), evolution (Reznick, Rodd, et al. 
1996, Reznick et al. 1997, Reznick and Ghalambor 2001, 2005), conservation biology (Oosterhout 
et al. 2007), parasitology (Cable and van Oosterhout 2007, Stephenson and Oosterhout 2015, 
Stephenson et al. 2015) and sexual selection (Breden and Stoner 1987, Houde 1988, 1997, Brooks 
and Endler 2007).  Interest in guppies was first sparked in the early 20
th
 century (Schmidt 1919, 
Winge 1922a, 1937, Haskins and Haskins 1949), and has significantly increased over the last two 
decades (Magurran 2005).   
 
1As well as being able to thrive in a wide range of conditions guppies are easy to breed, have a 
short generation time (in natural populations male mature in ~56 days and females mature in ~87 
days [Reznick et al.  1997]) and respond quickly to manipulation both in the wild and captivity, 
resulting in the species being coined as ‘fruitflies of fish reproductive behaviour’ (Amundsen 2003).  
The parallel evolution which has occurred between populations in the wild (see section 1.3.1) has 
Figure 1.2: Worldwide distribution of Poecilia reticulata showing native range (black) and invasive 
distribution (dark grey).  Native distributions are taken from Magurran (2005), invasive distributions from: 
www.fishbase.org (might be incomplete).  Inset shows the island of Trinidad with the three drainages.  
Figure from van Wijk (2011).   
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led not only to variation in life history traits, but also in 
other traits such as colour patterns (Figure 1.3) and 
behavioural traits (Endler 1995, Reznick, Rodd, et al. 
1996, Magurran 2005).  Translocation experiments have 
shown that the response to predation regimes can be 
easily induced, with fish rapidly evolving phenotypes 
similar to those in populations with the same predation 
regime (Endler 1980, Reznick and Bryga 1987a, Reznick 
1990, Karim et al. 2007).  The conspicuous colour 
patterns exhibited by males to attract females have led to 
their use in many studies of sexual selection, from a focus 
on sex-linked genes to trade-offs between sexual selection and predation (Houde 1997, Andersson 
and Simmons 2006).  In addition to mating behaviour, the varying predation regimes have also 
resulted in variable responses to predation, feeding strategies, schooling and social and learning 
behaviours (Seghers 1974; Magurran & Seghers 1991, 1994; Magurran et al.  1992).  More 
recently, guppies have been used as a model for studying conservation issues, with insights 
provided from transplantation studies and predator removal (Reznick et al. 2008) and estimates on  
reintroduction success in relation to the impacts of inbreeding and parasitism (Oosterhout et al. 
2007).   
 
1.5.1 Variation in life history and morphological traits 
The surge of interest in the guppy during the early 1980’s was triggered by the discovery of the 
impact predation has on a guppy phenotypes (Endler 1980, 1988, Reznick and Endler 1982).  The 
geology and the river system of the Northern range of Trinidad have created what has been 
described as a ‘natural laboratory’ (Haskins et al. 1961).  Several systems of parallel rivers offer 
natural ecological replication. Some drain from the southern slopes of the range, while northern 
slopes are drained by several rivers that flow into one of two main drainages, the Caroni and the 
Oropuche, all of which contain guppies.  Many rivers are segregated by waterfalls that act as 
barriers to upward migration by guppies, as well as restricting colonisation by many guppy 
predators (Magurran 2005).  Genetic analysis has found that each of the two drainages on the 
south side of the range and the seven drainages on the north of the range are made up of three 
distinct lineages (Alexander et al. 2006, Schories et al. 2009, Suk and Neff 2009, Willing et al. 
2010).  
 
It is not by studying the different lineages, but rather by studying populations of guppies above and 
below the waterfalls which partition the rivers, that the effect of predation on life history traits can be 
investigated.  Although guppies can usually be found in the pools above and below these waterfalls, 
guppies in the pools below the waterfalls are often subjected to a much higher rate of predation 
than those above (Haskins and Haskins 1951).  Individuals living under a low risk of predation are 
typically only predated on by the killifish, (Rivulus hartii), an occasional predator, and only a 
Figure 1.3: Variation in colour patterns 
in guppies from upstream and 
downstream populations. © Cock Van 
Oosterhout   
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significant threat to smaller and juvenile guppies (Mattingly and Butler 1994).  In contrast, 
individuals living under high risk of predation in lower reaches, are predated typically by several 
predators such as the pike cichlid (Crenicichla alta), the wolf fish (Hoplias malabaricus) and the 
characin (Astyanax bimaculatus), many of which will selectively predate on large, mature individuals 
(Magurran and Phillip 2001, Reznick et al. 2012).  
  
As well as the notable difference in predation regimes, populations from upstream and downstream 
sites also differ in a wide range of other traits (Endler 1995, Rodd, et al. 1996, Magurran 2005, 
Cable and van Oosterhout 2007, Palkovacs et al. 2011). One such trait, male colour pattern, was 
identified by Endler (1980; 1984), whereby the colouration of male guppies varied as a result of a 
combination of natural and sexual selection.  Natural selection for dull colour patterns dominated in 
highly predated populations, and sexual selection for bright coloured males, dominated in 
populations with low predation rates.  The set of traits which show significant variation, and which 
render the guppies in Trinidad of particular interest in the context of fisheries-induced evolution, are 
their life history traits (Reznick and Ghalambor 2005).  Fish from low predation, upstream 
populations mature later, grow larger, allocate less energy to reproduction and produce smaller 
broods of larger offspring than those in higher predation, downstream counterparts (Reznick and 
Endler 1982, Reznick, Rodd, et al. 1996).  Although sites up and downstream do vary in other 
environmental conditions such as food availability (Grether et al. 2001), an on-going transplantation 
study (Reznick 1997, Reznick and Ghalambor 2005), the results of previous translocation studies 
(Reznick and Bryga 1987a, Reznick et al. 1990) and the results of the selection study undertaken in 
Bangor (van Wijk 2011a), support the theory of the variation in life history traits between high and 
low predation populations as being an evolutionary response (a response which is a result of 
genetic change) to predation.   
 
1.5.2 Genomic toolbox for the guppy 
The rearing of guppies from different sites under common garden conditions (Reznick 1982; 1990; 
Reznick & Bryga 1987; 1996) has confirmed a genetic basis to the observed variation in life history 
traits. There is, however, still very little known about the genes underpinning such traits. Early 
studies focused on genes involved in colour pattern and their mode of inheritance (Winge 1922a; b; 
1927), and identified guppies as the first species known to have Y-linked inheritance of genes 
(Schmidt 1919).  Since then a strong interest in colour pattern genes has continued, with at least 43 
sex-linked and autosomal colour pattern genes having been identified (Gordon et al. 2012).  The 
development of microsatellite markers for the guppy (Becher et al. 2002, Watanabe et al. 2003, 
Olendorf et al. 2004, Paterson et al. 2005, Shen et al. 2007) allowed further development of the 
population genetic research (Barson et al. 2009, Suk and Neff 2009) which had begun early in the 
1990’s (Carvalho et al. 1991, Shaw et al. 1994). Such work was later complemented with randomly 
amplified polymorphic DNA (RFLP’s) and amplified fragment length polymorphisms (ALFP’s) to 
create genetic linkage maps of a range of colour pattern genes (Khoo et al. 2003, Watanabe et al. 
2004, Shen et al. 2007).  The most recent and detailed linkage map of the guppy genome was 
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produced by Tripathi et al. (2009a) using single nucleotide polymorphisms (SNP’s) and identified 23 
linkage groups corresponding to the 23 chromosomes, the location of the sex locus and quantitative 
trait loci (QTLs) for sex linked traits including body size, shape and colour (Tripathi et al. 2009b).   
 
The genomic toolbox available for guppies in early 2015 consisted of a database of 18,000 
expressed sequence tags (EST’s) (Dreyer et al. 2007), many of which were used in the creation of 
the Tripathi et al. (2009b) linkage map and a full transcriptome (Fraser et al. 2011) The 
transcriptome was sequenced with 454 GS FLX technology (average read depth of 28x) with brain 
and body tissues from adult male and female guppies (Fraser et al. 2011).  The EST library was 
created with SMART cDNA technology using whole embryos, newborn fish and adult liver, testis, 
brain, retina, and skin (Dreyer et al. 2007).  Both the transcriptome and the EST library utilised fish 
from a range of wild populations, and therefore will have included both large and small guppies 
(Dreyer et al. 2007, Fraser et al. 2011).  The most recent addition to the genomic tools available for 
the guppy is a reference genome sequence (Fraser et al. 2014).  The genome sequence which 
currently exists is that of a female from a high predation site in the Guanapo River in Trinidad.  As 
the guppy exhibits XY sex determination the current genome contains no sequence data from the Y 
chromosome. Further to the raw sequences, gene models have been produced allowing predictions 
of the gene functions to be examined (NCBI accession: GCF_000633615.1).  The current gene 
models have predicted that this genome sequence contains a total of 26,058 genes of which 22,982 
are thought to be protein coding.  The predicted size of the guppy genome is nearly 1 GB (Willing et 
al. 2011) the reference sequence is only 731.62 MB long and is therefore incomplete.  Despite 
being incomplete the reference genome provides an opportunity to examine genome-wide effects of 
size-selective harvesting, as well as the ability to fully examine genetic variants underpinning 
quantitative traits of interest.   
 
Despite the now significant genomic resources available for guppies, little is known about the genes 
underpinning body size and maturation rate in guppies (or indeed any fish).  Tripathi et al. (2009b) 
identified QTLs for body size in their mapping population however, the QTLs accounted for only 35-
45% (with a major QTL on linkage group 12 accounting for 20-30%) of the variation in body size.  
These results leave over 50% of the variance unexplained and have yet to be tested in any other 
population.  It is also interesting to note that the major QTL for body size identified on linkage group 
12 (also containing the sex locus) in the mapping study undertaken by Tripathi et al. (2009b), 
showed no signs of selection in the selection experiment undertaken by (van Wijk 2011a).  Further, 
a recent study examining selection across the genome in wild guppy populations found only five 
SNPs which were consistently correlated with predation regime, none of which were linked to body 
size or maturation timing (Fraser et al. 2014).  
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1.6 Molecular Ecology 
The use of molecular techniques to identify and characterize the genomic architecture underpinning 
adaptively important traits such as body size and the timing of maturation is a major goal of 
molecular ecology (Stapley et al. 2010).  Such traits can be underpinned not only by variation in the 
coding DNA sequence but also by regulatory changes.  While these regulatory changes can be the 
result of sequence changes, increasing evidence suggests that epigenetic modifications may be 
responsible for some of the observed variation (Bossdorf et al. 2007). 
 
Today, the term molecular ecology is widely used and encompasses an array of topics from 
evolutionary genetics and conservation genetics to behavioural ecology and microbial ecology and 
has been broadly defined as the “application of molecular genetic methods to ecological problems” 
(Beebee and Rowe 2008).  Although the term ‘molecular ecology’ was not really used before the 
mid-1980’s, the concept of bringing together the fields of ecology and genetics was not new.  Ford 
(1975) pioneered the field of ecological genetics which he described as the “adjustments and 
adaptations of wild populations to their environment” through the use of both field and laboratory 
work.  Early studies in the field of ecological genetics focused on visible polymorphisms which were 
easily scored, ecologically important and known to be underpinned by genetic variation, such as 
melanism in the peppered moth (Kettlewell 1958), polymorphism in the scarlet tiger moth Panaxia 
dominula (Fisher and Ford 1947) and banding patterns in land snails Cepaea nemoralis (Cain and 
Sheppard 1950).  One exception to the use of visible polymorphisms was the use of chromosomal 
inversions to study populations of the fruit fly Drosophila pseudoobscura across the West Indies 
(Ayala et al. 1971).  These early studies helped to overturn the opinion that natural selection was 
not capable of bringing about substantial adaptive changes alone, and that any significant genetic 
change was underpinned by processes not yet understood (Ford 2005).  However, the use of 
phenotypic polymorphism and chromosomal inversions could only provide limited information about 
the contribution of natural selection and genetic drift in shaping phenotypic diversity due to 
pleiotropic effects, phenotypic plasticity and potential epigenetic contributions.  The use of visible 
polymorphisms also restricted the species which could be studied to those which had easily 
quantifiable and ecologically relevant polymorphisms.   
 
1.7 Quantitative traits 
In order to increase the ubiquity of traits for study, one alternative is to focus on quantitative traits.  
Although still polygenetic, quantitative traits such as height, mass and growth rate are continuous 
throughout the population instead of only being discrete polymorphisms (Falconer and Mackay 
1966, Mackay 2009).  As well as helping to determine the contribution and strength of the 
processes involved in natural selection, quantitative traits can also be used to help understand how 
well a population or species will be able to respond to changing environments (Hoffmann and Willi 
2008, Björklund et al. 2009, Anderson et al. 2014).   As the majority of traits which will be affected 
by current and ongoing anthropogenic changes, including life history, behavioural and 
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morphological traits are quantitative, a thorough understanding of the mechanisms underpinning 
quantitative traits is key to predicting and mitigating any effects anthropogenic changes may have 
(Shaw and Etterson 2012, Anderson et al. 2014).  The area of study which focuses on quantitative 
traits is known as quantitative trait analysis and has the primary aim of discovering quantitative trait 
loci (QTL).  By determining the genetic loci underpinning quantitative traits researchers hope to be 
able to answer a wide range of questions such as whether traits are determined by few loci of large 
effect or many loci of small effect, whether the loci underpinning traits are common across different 
populations or even species and whether selection is primarily acting on existing standing variation 
or new mutations (Slate 2005, Hohenlohe et al. 2010, Burke 2012, Conte et al. 2012, Thurber et al. 
2013).   
 
1.7.1 Mapping a QTL 
The principle for mapping a QTL is simple, and is based on linkage disequilibrium between markers 
and QTLs (Falconer and Mackay 1966).  If a marker and QTL are physically close proximity, they 
would also be in linkage disequilibrium (although not always).  Therefore if a marker shows 
significant association with a trait in a mapping population, it would be expected that either the 
marker, or a QTL nearby, is exerting a significant effect on the value of the trait (Slate 2005).  
Mapping of populations is typically created using crosses between lines or populations that differ for 
the trait of interest.  Due to the complete linkage disequilibrium found in the F1’s, the most widely 
used and powerful cross is that of a cross between two inbred lines, which differ for both the trait in 
question and the markers being used (Lynch and Walsh 1998, Erickson et al. 2004).  A wide range 
of experimental designs can be used with inbred line crosses the most basic of which are the F2 and 
the backcross design.   
 
The F2 design explores associations between phenotype and genotype in the offspring of crosses 
between the F1s.  The backcross design looks for associations in the offspring of a cross between 
the F1 and one of the parental lines (Lynch and Walsh 1998).  Expansions on these basic designs, 
such as the recombinant inbred lines (RILs) and near isogenic lines (NILs), which are produced by 
several generations of selfing or backcrossing, as well as double haploid’s (DH: created by using 
chemical treatment to double the number of chromosomes in gametes), have been used to map 
QTLs in many species of plants (Tanksley et al. 1996, Groh et al. 1998, Brouwer and St Clair 2004, 
Wang et al. 2006, Szalma et al. 2007, Zhang et al. 2008, Balasubramanian et al. 2009, Huang et al. 
2011, Naegele et al. 2014) and some animals (Young et al. 1998, Martinez et al. 2002).  Although 
such designs (RIL, NIL, DH and backcross) allow testing for gene x environment effects and for 
detecting epistasis, only the F2 design allows the level of dominance to be estimated (Lynch & 
Walsh 1998; Erickson et al.  2004), highlighting the need for careful consideration of experimental 
design.   
 
Despite being the most efficient and powerful method of detecting QTL, creating inbred lines can be 
difficult, and for many species such manipulation is simply not possible due to logistical (e.g. long 
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generation times) and/or ethical considerations (e.g. QTL analysis in humans).  Another 
disadvantage of using inbred lines is that only a small sample of the alleles present in the original 
population will be present in the mapping population making it likely that small effect QTLs will be 
missed and the effect of QTLs identified overestimated (Erickson et al. 2004).  The difficulty in 
detecting QTLs in outbred populations lies in how informative the markers are.  To be fully 
informative with respect to QTL detection, an individual must be heterozygous at both the QTL and 
marker locus.  By crossing individuals from inbred lines, heterozygosity can be guaranteed, though 
this is not the case when individuals from outbred populations are used.  The other key difficulty is 
that the linkage phase between the marker and the QTL is not known (Gao et al. 2009).   
 
Several techniques have been developed for detecting and mapping QTLs in outbred or natural 
populations, the two most commonly used are that of sibships and pedigrees.  Both methods 
examine variation in the trait values between relatives in conjunction with alleles which are identical 
by descent (IBD) (Lynch and Walsh 1998, Erickson et al. 2004, Slate 2005).  Although the use of 
pedigrees to detect QTLs is time consuming it has been suggested that general pedigree 
techniques are more powerful than using sibships (Slate et al. 1999, George et al. 2000, Slate 
2005).  Despite sibships being used widely for QTL studies in livestock (Olsen et al. 2002, 
Hiendleder 2003, Mizoshita et al. 2004, Takasuga et al. 2007) and pedigrees in humans (Almasy et 
al. 1999, Deng et al. 2002, Liu et al. 2004), their use for QTL detection in an evolutionary or 
ecological context is still rare (Slate et al. 2002, Backström et al. 2006, Poissant et al. 2013).   In 
some cases, methods used traditionally for mapping QTLs from inbred crosses have been adapted 
for use with outbred populations (Song et al. 1999, Martinez et al. 2002, Deeb and Lamont 2003). 
Recent technological advances (Stapley et al. 2010) have enabled researchers to identify large 
numbers of loci and pick only those that are homozygous (and therefore heterozygous in the F1), at 
the same time as genotyping many individuals (Colosimo et al. 2004, Shapiro et al. 2004, Baird et 
al. 2008).   
 
Once a mapping population has been created, the type of marker analysis that is going to be used 
needs to be considered, i.e. single-marker analysis, interval mapping or composite interval mapping 
(Doerge 2002).  Single marker analysis is the simplest, and tests each marker individually for an 
association between the marker and the trait value (Falconer and Mackay 1966, Lynch and Walsh 
1998, Doerge 2002).  Although single marker analysis uses simple statistical tests such as t-tests, 
ANOVA and linear regression, and can therefore be run in most basic statistics packages, it 
requires large sample sizes to reliably detect a QTL and makes it difficult to differentiate between 
the position and effect of a QTL (Lynch and Walsh 1998, Doerge 2002).  Interval mapping 
overcomes these difficulties by testing for an association between pairs of adjacent markers and the 
trait in question.  By calculating the logarithm of odds score (LOD) for sections of the genome 
between each pair of markers (usually every 2cM) using a maximum likelihood estimator, interval 
mapping is able to determine the probability of a QTL being present in a given interval and therefore 
differentiate between position and effect (Doerge 2002, Erickson et al. 2004).  Both single marker 
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analysis and interval mapping have the disadvantage of not distinguishing multiple linked QTLs. To 
overcome the latter limitation, composite interval mapping combines interval mapping with multiple 
regression to consider other markers as well as the adjacent pair (Lynch & Walsh 1998), thus 
allowing finer resolution QTL location, and multiple linked QTLs to be distinguished from a single 
large effect QTL.   
 
1.7.2 Association mapping 
Although a wide range of studies have successfully mapped QTLs in outbred and natural 
populations using a QTL mapping approach, on-going reduction in the cost of sequencing and 
genotyping has led to a rise in popularity of association mapping to identify QTLs (Breseghello and 
Sorrells 2006, Yu and Buckler 2006, Agrama et al. 2007, Malosetti et al. 2007, Casa et al. 2008, 
Charlier et al. 2008, Harjes et al. 2008, Sahana et al. 2010, Johnston et al. 2011, Schielzeth et al. 
2012).  Association mapping involves collecting phenotypic and genotypic data from individuals in a 
population.  Although very similar to QTL mapping, the fundamental difference lies in the level of 
control the researcher has over recombination.  In QTL mapping, the level of recombination is 
controlled by the researcher and is often very low, while in association mapping the level of 
recombination is often very high and cannot be controlled by the researcher (Myles et al. 2009).  
Association mapping thereby requires a much larger number of markers and creates the potential 
for identification of false QTLs if possible relatedness between the selected individuals is not taken 
into account.  However association mapping also allows for high resolution mapping of any QTLs 
identified.   
 
Like QTL mapping, and perhaps even more so due to the high level of recombination, association 
mapping relies on the presence of strong linkage disequilibrium (LD) between the markers and the 
QTL.  The power of an association mapping study is determined by how strong the linkage between 
the marker and QTL is (Long and Langley 1999). Before beginning an association mapping study, it 
can therefore be extremely useful to consider the speed at which LD decays in the population being 
studied.  In populations for which little genomic information is currently available, such estimates 
can be difficult, as the degree of LD decay has been shown to vary not only between species and 
populations, but also between loci (Remington 2001, Tenaillon and Sawkins 2001, Rafalski 2002, 
Whitt et al. 2002, Jung et al. 2004).  There are two main approaches to identifying a QTL using an 
association mapping study: the candidate gene approach and genome-wide approach.  Both 
approaches can be, and have been applied to the earlier described QTL mapping techniques, and 
the same principles of each approach can be applied to both QTL and association mapping.   
 
The candidate gene approach relies on some prior knowledge of the mechanisms underlying the 
trait of interest (Myles et al. 2009).  With such knowledge relevant candidate genes can be selected 
and markers within those genes investigated for an association with the trait.  The latter approach 
has been successfully used to identify genes determining oil content in maize (Zheng et al. 2008) 
and flowering time in Arabidopsis thaliana (Werner et al. 2005), and was used initially in humans. 
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However, its failure to identify several disease genes (Altshuler et al. 2008, Brown et al. 2013) and 
the reduction in sequencing costs has led to most studies now adopting the genome wide approach.  
 
The genome-wide approach requires no a priori knowledge of the mechanisms or genes underlying 
the trait.  As the name suggests, genome wide association studies (GWAS) involve searching the 
entire genome for markers, typically single nucleotide polymorphisms (SNP’s), associating with the 
trait (Myles et al. 2009).  The genome-wide approach usually requires a large number of markers, 
however how many will depend on the size of the genome, the strength of linkage disequilibrium 
and the density of the map required (Hirschhorn and Daly 2005).  The major drawback of 
association mapping is the high potential for the detection of false positives as a result of population 
structure or relatedness (Wang and Barratt 2005).  It is well known that randomly mating 
populations rarely exist outside of population genetic theory, and that the non-random mating 
structure typical of natural populations results in patterns of population structure and relatedness.  If 
these patterns happen to coincide with levels of variation in a particular trait (i.e. plants from one 
family have larger seeds than plants in another) and remain undetected, association mapping is 
likely to lead the identification of false positives in which an apparent association between a marker 
and a trait is actually the result of population structure or relatedness (Lander and Schork 1994).  
The high levels of false positives found in some studies (Aranzana, Kim, Zhao, and Bakker 2005) 
has led to the development of several methods which take population structure into account 
(Spielman and Ewens 1996, Hinds et al. 2004, Yu and Buckler 2006, Kang et al. 2008, Price et al. 
2010, Zhou and Stephens 2012).  
 
1.8 Advances in technology 
Previously, several references to the technological advances in sequencing have been made.  We 
will now briefly discuss these advances and in relation to the identification and mapping of QTLs.  
Dideoxy sequencing, first described by Sanger et al.  (1977), was the first widely used sequencing 
technology and has since seen many improvements such an increase in the length of sequence 
reads (Varshney et al. 2009) at the same time as the cost per reaction has fallen (Mardis 2008).  
For more than thirty years dideoxy sequencing was the most popular DNA sequencing technique, 
being key to the success of many significant achievements in genetics such as the completion of 
the first human genome sequence (Morozova and Marra 2008, Metzker 2010, International Human 
Genome Consortium 2004) and the initiation of the Barcode of Life project (Shokralla et al. 2012).  
However dideoxy sequencing has its limitations (Morozova and Marra 2008, Ansorge 2009, 
Varshney et al. 2009, Metzker 2010), primarily low throughput.  The requirement for electrophoretic 
separation of DNA fragments in Sanger sequencing increases time and limits the number of 
reactions that can be run in parallel.  When combined with an average read length of 500-600bp, 
these limitations make Sanger sequencing of large amounts of sequence data both time consuming 
and expensive.  The desire of biologists to overcome these limitations as well as the demand for 
faster and cheaper DNA sequencing led to the development of what are now known as massively 
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parallel sequencing (MPS) technologies (Schuster 2008, MacLean et al. 2009, Liu et al. 2012, 
Mardis 2013).   
 
The key difference between Sanger sequencing and MPS is the ability of MPS to sequence millions 
of reads in parallel as opposed to the 96 well capability typical of advanced automated Sanger 
sequencers (Shokralla et al. 2012).  By sequencing large numbers of reads in parallel, MPS can 
produce large quantities of data in a much shorter time and much more cheaply than any Sanger 
technology.  The first of the MPS technologies, the Roche 454 Genome sequencing platform 
became commercially available in 2005 however it has now been superseded by a wide range of 
more powerful technologies (e.g. HiSeq 2000; Ion torrent Personal Genome Machine; HeliScope 
and PacBio RS SMRT, Nanopore).  MPS technologies use a wide range of biochemistry for base 
identification, detailed descriptions of which can be found in several reviews (see Mardis 2008, 
Morozova and Marra 2008, Shendure and Ji 2008, Shokralla et al.  2012).   
 
The advantages of MPS to identifying QTL are simple.  By reducing the cost and time required to 
obtain DNA sequence data, more individuals and markers can be used in a mapping study (both 
QTL and association mapping).  The increase in genomic studies undertaken as a result of the 
developments in MPS will enable easier and more accurate positioning of a QTL on the genome 
(Stapley et al. 2010).  To date, MPS technologies have been used to identify QTLs in both non-
model (Salvelinus namycush: Goetz et al.  2010; Heliconius melpomene: Ferguson et al.  2010; 
Saccharomyces cerevisiae: Swinnen et al.  2012; Sus spp.: Ramos et al.  2009; Coregonus spp.: 
Renaut et al.  2011; Brassica oleracea: Lee et al.  2015; Paralichthys olivaceus: Shao et al.  2015; 
Oreochromis niloticus) and model organisms (Triticum spp.: Trick et al.  2012; Arabidopsis lyrata: 
Turner et al.  2010; Gasterosteus aculeatus: Hohenlohe et al.  2010; Littorin saxatilis: Galindo et al.  
2010; Drosophila melanogaster: Najarro et al.  2015).   
 
Although the advent of MPS technologies has transformed our ability to sequence and study whole 
genome data sets, the cost of doing so for the numbers of individuals required to accurately identify 
QTLs remains out of reach of most small and medium sized projects.  Consequently, several 
reduced representation techniques that identify and genotype large numbers of polymorphisms 
across many individuals have been developed.  Simultaneous identification of polymorphisms and 
identification of individual genotypes is known as genotyping-by sequencing (GBS), although this 
term has also been used to refer a specific type of reduced representation sequencing (Poland et 
al.  2012).  Regardless of the protocol and terminology being used,  most techniques obtain the 
reduced representation of a genome by digestion with restriction enzymes (Davey et al. 2011).  
Exceptions can be seen when a specific known section of the genome is being targeted, in which 
case oligonucleotide probes are usually designed to capture the regions before sequencing (Teer 
and Mullikin 2010, Teer et al. 2010, Kiialainen et al. 2011).   
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Figure 1.4: Schematic showing the RAD procedure from library preparation to SNP calling.    
One technique to utilise restriction enzymes is that of restriction-site associated DNA sequencing 
(RAD-Seq).  Although initially used with low-cost microarray genotyping (Miller, Atwood, et al. 2007, 
Miller, Dunham, et al. 2007),  rapid progress in MPS has led to the combination of MPS with RAD 
markers and the development of RAD-Seq which has enabled the discovery of thousands of SNPs 
(Baird et al. 2008, Baxter et al. 2011).  By only sequencing specified restriction sites (according to 
the enzyme chosen) RAD-seq not only reduces the complexity of the genome, but increases the 
coverage at each site, thereby allowing more reliable base calling and genotyping, and increases 
the chances of the same sites being sequenced in each sample (Rowe et al. 2011, Houston et al. 
2012). Before fragments are sequenced, adaptors containing a molecular identification sequence 
(MID) which are unique to each sample or individual are ligated to each allowing the multiplexing of 
large numbers of samples (Baird et al. 2008, Chutimanitsakun et al. 2011, Houston et al. 2012). 
Genomic DNA is first digested with a restriction enzyme before P1 adaptors (containing the Illumina 
sequencing and amplification primer and a barcode) are ligated.  The samples are then pooled, 
randomly sheared and the fragments size-selected.  The P2 adaptor (Y shaped with divergent 
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ends) is ligated on and the fragments are PCR amplified.  Due to the diverged ends of the P2 
adaptor, only those fragments to which both the P1 and P2 adaptors have successfully ligated will 
be amplified, ensuring that all sequenced fragments contain the restriction site (Baird et al. 2008).  
Figure 1.3 shows a schematic of the RAD process.    
 
Since the initial adaptation of RAD sequencing for use on MPS platforms, many developments of 
the original protocol have occurred (ddRAD: Peterson et al.  2012; ezRAD: Toonen et al.  2013; 
2bRAD: Wang et al.  2012 and GBS: Elshire et al.  2011, Sonah et al.  2013, J. A. Poland et al.  
2012).  As well as discovery of polymorphisms in a plethora of both model and non-model species 
(Barchi et al. 2011, Willing et al. 2011, Amish et al. 2012, Scaglione et al. 2012, Pegadaraju et al. 
2013, Senn et al. 2013, Vandepitte et al. 2013), the various RAD techniques have been 
successfully applied to population genomic applications such as estimation of population structure 
(Hohenlohe et al. 2010, 2012, Andersen, Gerke, et al. 2012, Hyma and Fay 2013, Keller et al. 2013, 
Ogden et al. 2013), linkage mapping (Amores et al. 2011, Baxter et al. 2011, Chutimanitsakun et al. 
2011, Kakioka et al. 2013, Gonen et al. 2014, Wu et al. 2014, Huber et al. 2015), phylogenetics and 
phylogeography (Raymond et al. 2001, Emerson et al. 2010, Rubin et al. 2012, Cariou et al. 2013, 
Catchen et al. 2013, Reitzel et al. 2013, Roda et al. 2013, Jones et al. 2013, McCormack et al. 
2013, Nadeau et al. 2013, Hess et al. 2014, Hipp et al. 2014, Leaché et al. 2014) and association 
studies (Parchman et al.  2012; Pfender et al.  2011 Chutimanitsakun et al.  2011; Palaiokostas et 
al.  2013; Richards et al.  2013).  Because of the success of RAD-seq in confirming and fine 
mapping, previously identified QTLs in species for which significant genetic resources already exist 
(Miller, Atwood, et al. 2007, Chutimanitsakun et al. 2011) as well its use with species for which no 
reference genome exists (Willing et al. 2011), RAD-seq is a tool likely to be used in many future 
studies (Stapley et al. 2010, Rowe et al. 2011).   
 
The study by Hohenlohe et al.  (2010), which was one of the earliest to use RAD-seq to identify 
QTLs, utilised parallel populations of Threespine Sticklebacks (Gasterosteus aculeatus) which are 
adapted to freshwater and marine environments.  The large number of loci and individuals 
genotyped using RAD-seq enabled identification of 35 QTLs linked to either osmoregulation or 
skeletal biology (traits which differ significantly between the populations), many of which had been 
identified in previous studies.  By confirming the presence of previously identified QTLs as well as 
several previously unknown, the study highlighted the potential of RAD-seq in the identification of 
QTLs. Since then, RAD-seq has identified QTLs in fish for a range for traits including disease 
resistance (Houston et al. 2012), migration propensity (Hecht et al. 2013), climate tolerance (Narum 
et al. 2010), colour dimorphism (Takahashi et al. 2013) and life history (Gagnaire et al. 2013).   
 
Despite their popularity, genome reduction methodologies utilising restriction enzymes have several 
inherent biases (Arnold et al. 2013, Davey et al. 2013, Gautier et al. 2013).  The most significant of 
these is variation in the fragment lengths due to incomplete shearing, which can result in low read 
depth at affected loci (Davey et al. 2013).  While such effects have the potential to cause significant 
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problems when the library preparation includes a shearing step, it should not be an issue with 
protocols utilising two enzymes (Elshire et al. 2011, Peterson et al. 2012, Poland et al. 2012, Sonah 
et al. 2013).  Another potential source of bias is that of restriction site heterozygosity (Arnold et al. 
2013, Davey et al. 2013, Gautier et al. 2013).  Any polymorphism in the restriction site would 
prevent the restriction enzyme from digesting, resulting potentially in one chromosome for that 
restriction fragment remaining unsequenced.  Such a problem is known as allele dropout, and can 
result in a heterozygote being incorrectly called as a homozygote, which is similar to null alleles in 
microsatellite studies.  One suggestion for overcoming allele dropout is to consider only SNPs 
successfully genotyped in all individuals, as it is likely that a polymorphism in the restriction site will 
result in the SNP not being genotyped in some individuals (Davey et al. 2013). However, such a 
solution assumes that the allele frequency of the non-amplified allele (with the mutation) is 
sufficiently high so that it can be expected to be found in homozygous state.  Only analysing SNPs 
successfully genotyped in all individuals would, however, result in the loss of large numbers of good 
quality SNPs and is therefore not an effective solution for most studies.  When using reduced 
representation techniques to identify QTLs their sensitivity to hard and soft selective sweeps should 
also be taken into account.  Loci involved in a hard selective sweep are expected to produce large 
regions around the causal loci in which diversity is reduced, while following a soft selective sweep 
the drop in diversity will be less pronounced.  A method which only samples at random points 
across the genome will thus have less power to detect a soft sweep than a hard one (Ferrer-
Admetlla et al. 2014).  Therefore, although reduced representation techniques have successfully 
identified QTLs in a wide range of species previous knowledge of potential genes selection may be 
acting on can be useful.   
 
1.9 Epigenetics 
While a large proportion of the heritable basis of quantitative traits is thought to result from the 
transmission of variation in DNA sequences at QTL between a parent and its offspring, a growing 
body of evidence suggests that non-genetic inheritance might also play an important role 
Figure 1.5: Number of published papers with “epigenetics” in the topic 
between 1961 and 2015.  
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(Bonduriansky et al. 2012).  The term epigenetics, literally meaning ‘above genes’, broadly refers to 
the study of heritable changes which cannot be explained by variation or changes in the DNA 
sequence (Bird 2007, Tost and Gut 2007), though this simple definition is still debated (Bird 2007, 
Richards et al. 2010, Doğan et al. 2013, Felsenfeld 2014, Deans and Maggert 2015).  The field of 
epigenetics has undergone an exponential growth in the last fifteen years, with approximately 
15,600 papers published on the subject to date, (based on a search of the Web of Science 
database for papers with “epigenetics” in the topic, search date 27.09.2015), 75% of which have 
been published in the last 5 years (figure 1.4).   
 
Epigenetic modifications can be broadly grouped into four main categories: chromatin remodelling; 
histone modifications; non-coding RNA (ncRNA) and DNA methylation.  Chromatin remodelling is 
often also referred to as nucleosome remodelling and involves the enzymatic disruption, assembly 
or moving of nucleosomes (Becker and Workman 2013).  As the packaging of DNA into 
nucleosomes creates a barrier to transcription, nucleosome remodelling plays a vital role in the 
regulation of gene expression (Portela and Esteller 2010).  Histone modification involves direct 
modifications to the tails of the histone proteins which make up the nucleosome.  Two of these 
modifications, acetylation and methylation were among the first epigenetic marks to be linked to 
transcriptional activity in eukaryote cells (Allfrey et al. 1964, Paik and Kim 1971).  Since then a wide 
range of post-transcriptional histone modifications have been described including, but not limited to, 
phosphorylation, ubiquitination, sumoylation, and biotinylation.  The most recently described 
epigenetic mechanism is that of ncRNA.  The discovery that in eukaryotes, the majority of the 
genome is transcribed, and that these transcribed sections of RNA are not protein coding (Costa 
2005) has led to studies of the epigenetic potential of these ncRNAs.  These studies have 
implicated ncRNA in gene regulation both directly and indirectly (see Bernstein & Allis 2005; Costa 
2005; Kaikkonen et al.  2011 for reviews).   
 
1.9.1 DNA Methylation 
One of the most widely studied epigenetic marks is DNA methylation in which the cytosine base (C) 
is converted to 5-methylcytosine (C
m
) through the covalent addition of a methyl group to the 5 
position of the cytosine ring.  These methylated cytosine bases, which are sometimes referred to as 
the “5
th
 base” (Ammerpohl et al. 2009, Lister and Ecker 2009, Zhu 2009), can be transmitted 
through cell division by both DNA strands making them the archetypal epigenetic mark.  Methylation 
in eukaryotes is only found on cytosine (C) bases (Suzuki and Bird 2008) and can be categorised 
according to the sequence adjacent to the cytosine: CpG; CHG or CHH (where H= A, C or T) (Feng 
et al. 2010).  Although conserved throughout most major eukaryote groups, the amount and type of 
methylation varies significantly between species (Lee et al. 2010).  In plants methylation occurs 
symmetrically (on both strands) at CHH, CHG and CpG sites, but also asymmetrically at CHH sites.  
The model species Arabidopsis thaliana, for example, has been found to exhibit methylation levels 
of 24%, 6.7% and 1.7% at CpG, CHG and CHH sites respectively (Cokus et al. 2008, Lister et al. 
2008).  In contrast, vertebrate methylation primarily occurs symmetrically at CpG sites (Bird and 
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Wolffe 1999), although high levels of non-CpG methylation have been identified in embryonic 
human stem cells and human and mouse brain cells (Laurent et al. 2010, Xie et al. 2012, Lister et 
al. 2013, Guo et al. 2014).  Non-CpG methylation had previously been thought to be established 
and maintained only by plant specific enzymes (Cao and Jacobsen 2002, Pinney 2014) therefore 
the presence of non-CpG methylation in humans was somewhat surprising.  While studies have 
examined the role of non-CpG methylation in plants (Saze et al. 2012, Colicchio et al. 2015) the 
importance of non-CpG methylation in vertebrates has yet to be clarified.     
 
In addition to variation in the sites methylation occurs at, there is also variation in the pattern of 
methylation found in vertebrates and invertebrates.  Most vertebrates exhibit a global pattern of 
methylation while invertebrates typically exhibit a mosaic pattern of methylation.  Invertebrate 
genomes exhibit a wide range of methylation levels, from organisms which have almost no 
detectable methylation (for example Drosophila melanogaster (Capuano et al. 2014) and 
Caenorhabditis elegans (Bird 2002)), to those with intermediate levels of methylation such as Apis 
mellifera (Lyko et al. 2010) and Crassostrea gigas (Gavery and Roberts 2010).  Where methylation 
is present in invertebrates it occurs in a mosaic pattern with regions of methylated and 
unmethylated CpGs interspersed throughout the genome (Suzuki and Bird 2008).  The globally 
methylated genomes found in vertebrates have very high levels of methylation (70-80% of all CpG 
sites are methylated) (Head 2014).  Sections of the genome which have a high frequency of C and 
G nucleotides, and particularly a high frequency of CpG sites are called CpG islands (Yamakoshi 
and Shimoda 2003, Illingworth and Bird 2009, Deaton and Bird 2011) These sections of the 
genome are usually free from methylation occur in the promoter regions of genes.    
 
1.9.2 Effect of DNA methylation 
DNA methylation is involved in a range of biologically important processes including gene regulation 
(Turker 2002, Baylin 2005, Klose and Bird 2006, Smith and Meissner 2013, Colicchio et al. 2015), 
silencing of transposable elements (Ikeda and Nishimura 2015), X chromosome inactivation (Sharp 
et al. 2011, Cotton et al. 2015), imprinting (Li et al. 1993, Reik and Walter 2001, Lucifero et al. 
2002) and cell differentiation (Huang and Fan 2010, Khavari et al. 2010) as well as being 
associated with disease (Baylin 2005, Robertson 2005, Bakulski et al. 2012, Bergman and Cedar 
2013) and aging (Horvath 2013, Jones et al. 2015, Jung and Pfeifer 2015, Zampieri et al. 2015).  
The location of methylation (intra or intergenic) can determine the effect it has on gene expression.  
For example, it is widely recognised that methylation of CGIs in promoter regions is associated with 
long term gene silencing (Jones and Takai 2001, Jaenisch and Bird 2003), although it is thought 
that the methylation of CGIs is not the initial silencing mechanism but instead acts as a ‘lock’ to 
stabilise a previously silenced gene (Bird 2002, Jones 2012).  Conversely, intergenic methylation 
has been linked to genes which are actively transcribed (Hellman and Chess 2007, Zilberman et al. 
2007), possibly through alternative splicing and transcription from alternative promoters (Maunakea 
et al. 2010, Kulis et al. 2013).  While the mechanism by which methylation of promotor CGIs 
represses gene expression is well understood (Illingworth and Bird 2009, Wang et al. 2014), much 
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less is known about the mechanisms underpinning gene body methylation (Hahn et al. 2011, Jones 
2012). 
 
The majority of research examining the effects of DNA methylation has focused on cancer and 
other diseases, however an increasing number of studies have examined the contribution of DNA 
methylation to complex traits.   Outside humans, methylation has been linked to phenotypic 
variation in traits including, but not limited to: coat colour; obesity; tail morphology and regulation of 
the circadian clock in mice (Wolff et al. 1998, Rakyan et al. 2003, Azzi et al. 2014); flowering time, 
flower shape, root length and plant height in Arabidopsis (Cubas et al. 1999, Shindo et al. 2006, 
Johannes et al. 2009, Cortijo et al. 2014, Hu et al. 2015, Yang et al. 2015); plate morphology in 
sticklebacks (Smith, Smith, et al. 2014); fruit ripening in tomatoes (Manning et al. 2006); mating 
behaviour in rats (Crews et al. 2007, Crews 2008); caste determination in bees (Lyko et al. 2010); 
leaf growth in maize (Candaele et al. 2014) and body size in ants (Alvarado et al. 2015), tilapia 
(Zhong et al. 2014) and sheep (Cao et al. 2015).  It is extremely difficult to completely separate the 
effects of epigenetic and genetic change and the two are often interlinked (Herrera and Bazaga 
2010, Smith, Kilaru, et al. 2014), however studies where the patterns of epigenetic variation do not 
correlate with the observed genetic variation, (Bossdorf et al. 2007, Vaughn et al. 2007) and those 
where the epigenetic variation is greater than the genetic variation (Keyte et al. 2006, Li et al. 2008, 
Lira-Medeiros, Parisod, Fernandes, et al. 2010) suggest that it is possible for epigenetic 
modifications to determine phenotypic traits independently of genetic change.    
 
The results from recent and ongoing research suggest that the epigenetic variation may underpin 
phenotypic variation in a wide range of complex and adaptive traits (Shindo et al. 2006, Cortijo et al. 
2014, Zhong et al. 2014, Alvarado et al. 2015, Cao et al. 2015, Hu et al. 2015, Yang et al. 2015).  
Evidence has also shown that these changes in methylation can be induced by environmental 
changes such as stress and diet (Wolff et al. 1998, Labra et al. 2002, Steward et al. 2002, Sollars et 
al. 2003, Anway et al. 2005, Meaney and Szyf 2005, Ashworth et al. 2009, Brown et al. 2009, 
Verhoeven et al. 2010, Boyko et al. 2010, Chmurzynska 2010, Herrera and Bazaga 2010, 
Vandegehuchte and Janssen 2011).  Methylation does not only create phenotypic variation, but 
might also act as a source of variation for natural selection (Angers et al. 2010, Verhoeven et al. 
2010, Massicotte et al. 2011), thereby allowing environmental change to induce heritable 
phenotypic change over a short space of time.  As a result it is important that the potential for 
epigenetic mechanisms to influence phenotypes, whether directly or indirectly, is not overlooked 
when undertaking population genetic studies and using selection experiments to examine 
phenotypic change.    
    
1.10 Aim and objectives of the thesis 
The overarching aim of the current thesis is to explore the genomic architecture underpinning shifts 
in life history traits as a result of size-selective harvesting in Poecilia reticulata.  Although the study 
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by van Wijk et al.  (2013) provided direct empirical evidence that size-selective harvesting can 
induce genetic change, the extent of genome wide effects was not examined.  By utilising the lines 
produced by the van Wijk et al.  (2013) study, the recently sequenced guppy genome (Fraser et al. 
2014) and a reduced representation method of sequencing, here I investigate genomic mechanisms 
underpinning the phenotypic shifts described previously (van Wijk et al. 2013).  Furthermore, as well 
as considering the effects of size-selective harvesting at the level of DNA sequence variation, 
potential regulatory changes will also be examined by assessing patterns of methylation.   
 
The aim and objectives of each chapter are as follows: 
 
 Chapter one aimed to give an overview of the current and relevant ideas and literature.  
Therefore the objectives of chapter one are: 
- To review the science of and current evidence for fisheries-induced evolution.  
- To introduce the guppy as a model system in ecology and evolution.  
- To consider methods of identifying gene / phenotype correlations.  
- To examine the role of epigenetic modifications in determining phenotypic variability.   
 
 Chapter two aims to examine the genome-wide changes associated with the selection 
experiment described in van Wijk et al. (2013).  To address this aim the specific objectives of 
chapter two are: 
- To use RAD sequencing to identify and genotype a large number of SNPs in the selection 
lines generated by van Wijk et al. (2013).   
- To identify SNPs showing signs of selection for body size using a range of Fst
 
outlier 
analyses.   
- To examine the distribution across the guppy genome and the functional significance of 
SNPs identified as showing signs of selection.      
 
 Chapter three aims to identify regions of the genome under selection for body size in wild 
guppy populations in Trinidad.  To address this aim the specific objectives of chapter three are: 
- To determine which rivers of those sampled show significant differences in body size 
between different sites.  
- To genotype the SNPs showing signs of selection in chapter two in the populations from 
sites at eight rivers in Trinidad. 
- To use Fst outlier analysis to identify SNPs showing signs of selection for body size within 
each river.   
- To look across all eight rivers for SNPs consistently showing signs of selection. 
  
 Chapter four aims to investigate regulatory changes associated with the van Wijk et al., (2013) 
selection experiment.  To address this aim the specific objectives of chapter four are: 
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- To identify methylation sensitive amplified polymorphisms in fish from the four post-
selection lines and the pre-selection line.   
- To use the methylation sensitive amplified polymorphisms to examine the level of global 
methylation in the guppy genome. 
- To assess locus specific differences in methylation between the large and small selection 
lines. 
- To examine both the global and locus specific changes in DNA methylation as a result of 
the selection experiment.    
 
 Chapter five aims to bring together the results of the three data chapters in order to discuss 
their implications both to the study of FIE and the wider field of rapid evolution.  To address this 
aim the specific objectives of chapter five are: 
- To summarise and provide a critical overview of the findings of the project.  
- To consider the current understanding and importance of the guppy sex chromosome. 
- To review the wider ecological impacts of size selective harvesting. 
- To examine what the evidence shows of the potential for fish to recover from size selective 
harvesting. 
- To discuss future work in the context of the overall thesis aim.  
 
48 
 
Chapter 2: Genetic changes underpinning shifts in life history traits 
2.1 Abstract 
Findings from the van Wijk (2011) selection experiment demonstrated not only significant 
phenotypic shifts in body size and maturation schedules, but also evidence of significant divergent 
selection for body size at 5 out of 17 putative candidate loci.  Utilising tissue samples from size-
selected guppies (Poecilia reticulata) from the van Wijk (2011) study, the current chapter aimed to 
identify the genetic factors underpinning the observed life history shifts.  RAD sequencing was 
employed to identify and type a large number of SNPs in each of 151 individuals from both the large 
and small selection lines, as well as individuals from the generation prior to selection.  These SNPs 
were mapped back to the guppy reference genome and signs of selection were identified using Fst 
outlier analysis and analysis of allele frequency changes.  Significant and consistent signs of 
selection were identified in 37 SNPs, 86% of which were located on the guppy sex chromosome.  
The results from the current chapter showed that, in addition to previously observed genetic 
change, additional regions of the guppy genome responded to, and were associated with, observed 
phenotypic shifts.   
 
2.2 Introduction 
2.2.1 Selection experiments 
The use of experimental populations to study the genetic basis of phenotypic traits, from the 
evolution of mutation rates (Wielgoss et al. 2011) and phenotypic plasticity (Garland and Kelly 
2006) to the importance of epistatic interactions (Khan et al. 2011), is well established, and extends 
for over a century (Falconer 1992).  Currently, a range of terms such as ‘experimental evolution’ 
(Kawecki et al. 2012) and ‘evolve and re-sequence’ (Turner et al. 2011) all refer to studies 
examining the evolutionary response of an experimental population to conditions (environmental, 
genetic, social etc.) imposed by the researcher.  Selection experiments can be broadly classified 
into two categories: natural selection and artifical selection.  In natural selection experiments, the 
founding experimental population is seperated into at least two replicates, before each replicate is 
exposed to contrasting conditions, and the response observed.  These studies can be particuarly 
useful in determining how a species or population might react to environmental change (Borash et 
al. 2000, Zbinden et al. 2008, Kolss et al. 2009).  Artificial selection studies impose selection for a 
trait on individuals which show specific values of a target trait, to become the progenitors of the next 
generation (Burke et al. 2010, Johansson et al. 2010, Parts et al. 2011, Turner et al. 2011).  
Imposing artificial selection can help to ascertain the genetic factors underpinning a trait and, by 
controlling all other conditions, elucidate the environmental and genetic components of observed 
phenotypic change.  Although traditionally, QTLs have been identified using experimental crosses 
of inbred lines, the increased availability of high throughput sequencing technologies and 
subsequent use of genome-wide association studies (GWAS: Liu et al.  2015; Nishimura et al.  
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2012; Gratten et al.  2007; Gutierrez et al.  2015; Pardo-Diaz et al.  2015) will allow the optimisation 
of selection experiments designed to identfy loci underpinning complex traits in non-model species.     
 
2.2.2 Fisheries-induced evolution 
Anthropogenic pressures have been shown to drive rapid phenotypic change in many species 
(Coltman, O’Donoghue, and Jorgenson 2003, Allendorf and Hard 2009, Darimont et al. 2009).  One 
such example is the phenotypic shifts seen in populations of fish as a result of fishing.  Data from 
both, field (Handford et al. 1977, Ricker 1981, Olsen et al. 2004, Edeline et al. 2007, 2009, Swain et 
al. 2007, Mollet et al. 2010, Neuheimer and Taggart 2010, Hutchings and Rangeley 2011) and 
experimental studies (Conover and Munch 2002, Biro and Post 2008, Conover et al. 2009, van Wijk 
et al. 2013, Uusi-Heikkilä et al. 2015), have shown that harvesting leads to changes in several traits, 
such as growth rate, size and age at maturation (Conover and Munch 2002, Olsen et al. 2004, 
Hutchings 2005, Conover and Baumann 2009b) and others (Uusi-Heikkilä et al.  2008; 2015; 
Enberg et al.  2012).     
 
The potential for fishing to drive evolutionary change has been convincingly demonstrated (Conover 
and Munch 2002, Smith et al. 2007, van Wijk et al. 2013, Kendall et al. 2014, Heino et al. 2015, 
Marty et al. 2015).  The basic theory, suggesting that fishing would result in smaller body size, 
slower growth and earlier maturation, is supported by observations in wild populations (Ricker 1981, 
Olsen et al. 2004, Swain et al. 2007, Fenberg and Roy 2008, Neuheimer and Taggart 2010, 
Hutchings and Rangeley 2011).  In unexploited populations, natural selection would be expected to 
favour individuals which allocate more energy to growth in early life and therefore grow larger and 
mature later.  Regulations in the European Union state that any fish smaller than the minimum size 
limit when caught (e.g. 35cm for Gadus morhua, 6.4 kg for Thunnus thynnus) must be returned to 
the sea (Council Regulation [EC] 850/98).  Even before these regulations were brought in the desire 
for maximum profit resulted in the preferential removal of the largest fish.  Today both the 
regulations and desire for maximum profit mean that the harvesting imposed by fishing is non-
random.  Following life history theory, the increased adult mortality resulting from the non-random 
nature of fishing will reverse the direction of selection, favouring individuals which allocate more 
energy to reproduction in early life and mature earlier and at a smaller size.  However, although the 
potential of fisheries induced evolution (FIE) to drive shifts in life history traits is undisputed, its 
contribution in relation to phenotypic plasticity and environmental change remains unclear (Marshall 
and Browman 2007, Browman, Law, and Marshall 2008, Browman, Law, Marshall, et al. 2008, 
Enberg et al. 2012, Kuparinen and Hutchings 2012).      
 
The consequences of fisheries induced evolution can be either direct (i.e. on the species being 
harvested) or indirect (i.e. on the wider ecosystem), both of which are typically undesirable.  Direct 
effects, such as the changes in life history and behavioural traits, may lead to maladapted 
populations with increased natural mortality and reduced recruitment (Audzijonyte et al. 2013, 
Jørgensen and Holt 2013).  In addition, FIE can cause a depletion in population sizes and a low 
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harvesting yield from these populations (Eikeset et al. 2013, Zimmermann et al. 2015).  From a 
conservation point of view, the potential consequences on the wider ecosystem are of particular 
concern, as phenotypic shifts can impact on food webs, nutrient cycling, and overall biodiversity 
(Palkovacs et al. 2012, Audzijonyte et al. 2013).  Finally, if the shifts in life history traits observed 
are underpinned by genetic change, there is still debate on how fast, if at all, the changes to 
phenotypic traits could be reversed  (Dunlop et al. 2009, Enberg et al. 2009, Kuparinen and 
Hutchings 2012, Marty et al. 2015, Uusi-Heikkilä et al. 2015).   
 
In order to fully understand the consequences of the observed phenotypic shifts resulting from 
fishing it is vital that the contribution of genetic changes are determined.   
 
2.2.3 Genetic evidence of fisheries induced evolution 
Early attempts to disentangle the effects of genetic change and phenotypic plasticity focused on 
probabilistic maturation reaction norms (PMRN) (Olsen et al. 2004). PMRNs attempt plot the 
probability of a fish maturing as a function of factors such as size and age.  However the limited 
number of factors considered by PMRNs has led to widespread criticism of this technique (Kinnison 
and Hendry 2001, Kraak 2007, Kuparinen and Merilä 2007, Marshall and McAdam 2007, Morita et 
al. 2009, Uusi-Heikkilä et al. 2011).  Several studies have attempted to use selection experiments to 
examine the question of whether size selective harvesting can lead to phenotypic changes which 
are underpinned by genetic variation.   
       
One of the earliest studies to question whether changes in life history traits were caused by 
variation in the population density and size class distribution or genetic differentiation utilised the 
model species Daphnia magna (Edley and Law 1988).  The study examined effects of harvesting by 
culling 40% of either the largest or smallest individuals in two replicate populations.  The results 
showed that, following selection, individuals in the large harvested lines grew slower while 
individuals in the small selected lines grew faster (Edley and Law 1988).  Although discussed, the 
design employed did not distinguish between environmental effect and genetic change. 
 
More recently a study of Atlantic silversides (Menidia menidia) used a common garden selection in 
order to control environmental variation (Conover and Munch 2002).  Four generations of size 
selective harvesting resulted in significant shifts in not only life history traits, but also physiological 
and behavioural traits (Walsh et al. 2006).  Having controlled for environmental effects, the authors 
concluded that the observed phenotypic shifts were a result of genetic change, though evidence 
was indirect.       
 
Evidence linking genetic change to changes in phenotypic traits as a direct result of size selective 
harvesting is limited.  Considerable past work on adaptation of guppies to size selective predation 
(see Magurran 2005 and references therin) provided a solid foundation on which to base an 
experimental  study of FIE in P. reticulata. The first study to combine a selection experiment utilising 
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Trinidadian guppies, Poecilia reticulata, with molecular genetic techniques, examined the extent of 
genetic change associated with contrasting harvesting regimes (van Wijk et al. 2013- see also 
section 1.3.1).  Initial studies showed that changes in harvesting regime targeted at large and small 
males results in shifts in life history traits similar to those seen in exploited populations (Reznick et 
al 1990, 1997). Moreover, findings showed significant signs of selection at five of seventeen 
candidate loci, thereby providing the first empirical evidence of genetic changes in life history traits 
as a direct result of harvesting.  In the current study, guppy lines derived from the van Wijk (2011) 
study were utilised to examine genome-wide genomic changes using a RAD sequencing approach.   
 
A study of zebrafish was also able to identify simultaneous genetic and phenotypic change following 
a size selective harvesting experiment (Uusi-Heikkilä et al. 2015).  However, although this study 
considered a much wider range of phenotypic traits, the phenotypic changes observed were not as 
marked as those seen by van Wijk et al.  (2013), and the genes in and near where variation was 
observed were not directly linked to phenotypic change.  In the study involving zebrafish, size-
selection was imposed for 4/5 generations.  However measurements of the phenotypic traits were 
not taken until generation 6/7, following at least two further generations of no selection.  
Consequently the life history traits measured may have begun to revert to their original pre-selection 
values between the final size-selective harvest and when they were actually measured (Conover et 
al. 2009).     
 
2.2.4 Genome-wide considerations of phenotypic change associated with FIE 
Now that empirical evidence of genetic change correlated with phenotypic change as a direct result 
of harvesting has been obtained, it is important to elucidate the genetic architecture and 
mechanisms underpinning such change.  The questions asked in most studies of quantitative traits 
such as how many loci selection is acting on, and whether it is acting on new mutations or standing 
variation, are relevant to understanding the impacts of fishing.  If selection imposed by fisheries 
induced evolution is having only a small effect on a large number of loci, it is expected that once 
fishing has ceased, such as during a phase of stock recovery, the trait would quickly recover to its 
pre-harvesting state.  However, if selection is having a large effect on a small number of loci, it 
would be expected that the observed changes would take longer to revert to an optimum state 
under natural selection. Under such a scenario, over-exploited populations would therefore take 
longer to recover (Jain and Stephan 2015).   
 
While a thorough understanding of the genes involved in the traits impacted on by fisheries is 
important, it may also be the case that selection affects other unstudied traits.  Such associations 
could occur either through direct selection or genetic hitchhiking (Smith and Haigh 1974).  Under 
strong selection, genetic hitchhiking can lead to a so-called selective sweep, which reduces the 
diversity in the genomic region around the gene under positive selection due to physical linkage 
(Pennings and Hermisson 2006).   
 
52 
 
A selective sweep can either be ‘hard’ or ‘soft’, depending on the timing and the effect of the 
mutation, and either complete or incomplete, according to the degree of fixation observed (Burke 
2012).  In a complete hard selective sweep, a new mutation will rapidly increase in frequency until it 
reaches fixation, causing any linked variation to also become fixed and resulting in a region around 
the causal mutation of significantly reduced diversity (Kaplan et al. 1989, Kim and Stephan 2002).  
A complete soft selective sweep will usually act on several mutations already present in the 
population (standing variation), increasing their frequency until fixation.  As these ancestral 
mutations are likely to occur on a range of haplotypes in the population, they will not be as strongly 
associated to the linked genetic variants.  As a consequence, soft selection will not result in such a 
stark reduction in diversity in the DNA surrounding the causal mutation (Hermisson and Pennings 
2005, Przeworski et al. 2005, Pennings and Hermisson 2006).  Incomplete sweeps will occur when 
the variant on which selection is acting does not reach fixation, either because the population is 
sampled while the sweep is still ongoing, or because the beneficial effects of the allele are lost 
through changes in the adaptive landscape or frequency-dependent selection (Schrider et al. 2015).  
Examples of both ‘hard’ and ‘soft’ selective sweeps have been seen in a range of species (Daborn 
et al. 2001, Colosimo et al. 2005, Przeworski et al. 2005, Karasov et al. 2010).  
 
If selection imposed by fisheries were to result in a ‘hard’ selective sweep, it is possible that 
variation linked to the causal mutation could be deleterious and/or result in changes in other traits.  
By examining the genetic changes produced in fish during selection experiments in more detail 
(such as those of van Wijk et al.  (2013)), it is possible to increase our understanding of the nature 
of selection imposed on taxa in the wild and the ability of populations to recover once fishing 
pressure is reduced.  
 
2.2.5 Identifying genes under selection   
The two most commonly used approaches to identifying the genes under selection are differentiated 
by the amount of a priori information they require.  Both approaches are essentially association 
studies which look for an association between a genetic locus and the phenotypic trait of interest.   
However, the candidate gene approach requires some a priori information about the trait and the 
genes which may potentially influence it (Piertney and Webster 2010).  The candidate genes are 
then studied in populations or individuals with differing phenotypes for the trait in question to see if 
an association can be identified.  These studies typically examine relatively few loci in a large 
number of individuals and have been used to identify loci involved in both simple (Nachman et al. 
2003, Mundy 2005) and more complex (Tabor et al. 2002) traits.  Genome-wide association (GWA) 
studies genotype a much larger number of loci spread across the genome in the hope of genotyping 
markers which are in linkage disequilibrium with the functional allele (Myles et al. 2009).  As the 
GWA approach requires no a priori information about the mechanisms underpinning the trait it has 
been used in both model (Visscher et al. 2012, Harbison et al. 2013) and non-model species 
(Brachi et al. 2011, Campbell et al. 2014, Gutierrez et al. 2015b).   
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Advances in sequencing technology have expanded the reach of the GWA approach (Mardis 2008), 
particularly when combined with methods such as reduced representation sequencing which allow 
large numbers of loci spread across the genome to be identified and genotyped for relatively little 
cost (Davey et al. 2011).  The initial guppy project (van Wijk 2011a) utilised a candidate gene 
approach to show that size selective harvesting can cause genetic change.  In the study described 
here a GWA approach will be used.  By utilising RAD sequencing to identify and genotype a large 
number of markers, signs of selection at loci across the guppy genome can be detected.  Using the 
current reference sequence and predicted gene models for the guppy it will be possible to identify 
not only the loci showing signs of selection but also the genes these loci are located in or close to.  
It will therefore be helpful to consider potential candidate genes for growth and maturity based on 
current knowledge, in order to assess the proximity of these genes to the loci showing signs of 
selection.    
 
2.2.6 Candidate genes for growth and maturity 
In fish, the timing of maturation is controlled by the brain-pituitary-gonad axis (Schulz et al. 2010).  
However, it is widely accepted that growth, and therefore body size, in fish can be influenced by a 
range of factors such as water temperature (Pauly 1980, Dwyer and Piper 1987, Brander 1995, 
Pörtner et al. 2001), photoperiod (Gross et al. 1965, Björnsson et al. 1994, Boeuf and Le Bail 1999, 
Almazan-Rueda et al. 2005), salinity (Dendrinos and Thorpe 1985, Fielder and Bardsley 1999, 
Bœuf and Payan 2001, Denson et al. 2003), population density (Wallace et al. 1988, Bohlin et al. 
2002, Lorenzen and Enberg 2002) and food availability (Jones 1986, Graeb et al. 2004, Orpwood et 
al. 2006, Andersen, Gerke, et al. 2012).  The heritabilities observed for growth rates (Martyniuk et 
al. 2003, Perry et al. 2005, Kause et al. 2007, Dupont-Nivet et al. 2008), and the numerous QTLs 
identified across disparate taxa provide solid evidence for a genetic basis to variation in growth.  
Due to its importance in agriculture and aquaculture, the genetic architecture underlying growth rate 
has been studied in a rapidly increasing number of species (Nie et al., Gross and Nilsson 1999, 
Cheng et al. 2000, Tambasco et al. 2003, Tao and Boulding 2003, Curi et al. 2005, Ma et al. 2011).     
 
Possibly the most well-studied genes in relation to growth in fish are those of the somatotropic or 
growth axis.  The key metabolic pathway is primarily composed of the growth hormone (GH), GH 
regulating factors such as hormones releasing and inhibiting GH (GHRH, GHIH and somatostatin) 
and insulin-like growth factors (IGFs) and their associated carriers, binding proteins and receptors.  
Due to its influence on metabolic processes and tissue growth, variation at any gene whose protein 
product is involved in this pathway can be considered a candidate gene.  Indeed, many such genes 
have been associated with growth in many  livestock species, (GH in cattle: Tambasco et al.  2003, 
pigs: Cheng et al.  2000 and chicken: Nie et al. ; GHR in cattle: Curi et al.  2005 and chicken: Huang 
et al.  1993 and IGF-I in cattle: Ge et al.  2003 and pigs: Machado et al.  2003), as well as fish (gh in 
the smooth tongued sole: Ma et al.  2011, Atlantic salmon: Gross & Nilsson 1999 and olive flounder: 
Kang et al.  2002; igf in the channel catfish: Peterson & Small 2005 and ghrh in arctic charr: Tao & 
Boulding 2003).  Although not direct components of the somatotropic axis, genes such as leptin 
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(Heiman et al. 1998), grelhin (Kaiya et al. 2003, Unniappan and Peter 2005), pcap (Gómez-Requeni 
et al. 2012) and pou1f1 (Parks and Brown 1999) have been linked to the regulation of gh and igfs. 
 
The other main group of genes known to be linked to growth in teleosts are those belonging to the 
transforming growth factor (TGF) superfamily.  One member of the family is myostatin (Mstn), 
which, in mammals, is a negative regulator of muscle mass (Joulia-Ekaza and Cabello 2007) and 
has been linked to increased muscle growth in mice, cattle (McPherron and Lee 1997), dogs 
(Mosher et al. 2007) and, more recently, gilthead seabream (Sánchez-Ramos et al. 2012).  
Although not part of the TGF superfamily, the binding protein follistatin has been found to inhibit 
myostatin and could therefore be a candidate for growth (Amthor et al. 2004).  The TGF superfamily 
also consists of the myogenic regulatory factors, which are sometimes known as the myod gene 
complex.  This group of transcriptional factors comprised of myod, myf5, mrf4 and myog, regulates 
myogenesis and skeletal muscle growth (Atchley et al. 1994). 
 
While numerous studies looking at the genetic architecture of growth have used a candidate gene 
approach based on prior knowledge of gene function to examine a small number of genes or 
transcripts, increased sequencing throughput has allowed the identification of new candidate genes 
for growth based on a wider study of up and down regulated transcripts.  These include genes 
involved in cell cycle control and myoblast proliferation (DRG1, CEBPD), muscle fibre differentiation 
(SYMD1, RTN1 and HSP90A), protein degradation pathways (MURF1, MAFBX and CSTL1) (Bower 
and Johnston 2010), muscle structural proteins (TNC, TNT2 and ACTIN2; FGF6) (Bower and 
Johnston 2010), lipid and carbohydrate metabolism (GAPDH, PFK, APOA1-like paralogues, ACBP, 
FADSD5 and FADSD6), nitrogen retention (GS and GDH), oxygen transport (FTH, FTM and HB) 
(Xu et al. 2013) and genes involved in the oxidative phosphorylation pathway (NADH 
dehydrogenase, cytochrome b and ATPase) (Salem et al. 2012).  Additionally, genes such as fgf6 
(Campos et al. 2013) and PVALB (Xu et al. 2006) have been suggested as candidate genes for 
growth but have not yet been widely studied.  Several myosin genes have been linked to changes in 
growth, however the results from these genes are conflicting with studies within the same species 
which show down regulation during periods of muscle wastage (Salem et al. 2006) and periods of 
growth stimulated by GH treatment (Gahr et al. 2008).  
 
In addition to body size, here we will consider the timing of maturation, which has been shown to be 
closely linked to growth rate (Shimada et al. 2011), and thus is important in aquaculture.  However, 
despite its significance in aquaculture, the genetic architecture underpinning this trait has been 
much less well studied.  As previously mentioned, the timing of maturation is controlled by the brain-
pituitary-gonad axis (Schulz et al. 2010).  The gonadotropin-releasing hormone stimulates the 
production of the two gonadotropins, follicle stimulating hormone and the luteinizing hormone which 
in turn regulate the development of the gonads.  Although the genes underpinning this axis have not 
been widely studied, many candidate genes have been identified (Viñas and Piferrer 2008, Diopere 
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et al. 2013), and include those linked to the gonadotropin-releasing hormone (GNRH1, GNRH2, 
GNRH3, GNRHR) and those linked to the gonadotropins (FSHB, LHB, FSHR, CYP19).   
 
2.2.7 Aim and objectives 
The aim of this chapter is to examine the genetic architecture underpinning the shifts in life history 
traits resulting from an experiment in size selective harvesting in the guppy, P.reticulata.  The 
objectives were to use RAD sequencing to simultaneously identify and genotype SNPs in the 
guppy,  map these to the guppy genome (Fraser et al. 2014) and to identify regions showing signs 
of selection between lines selected for differences in body size.  Examining the size, location and 
putative function of these regions will provide valuable information about the nature of the genetic 
changes taking place in the target species, with implications that can be extended to exploited 
populations of other fish species.   
 
2.3 Methods 
2.3.1 Selection experiment as described in van Wijk (2011) 
The samples utilised in the RAD sequencing were obtained from a previously conducted selection 
experiment.  Full details of the selection line generation can be found in van Wijk (2011) although 
for clarity, the essential features are reproduced below.  As stated elsewhere, all sampling and 
experimental testing of fish was undertaken by previous researchers.   The current study is focused 
on the RAD-sequencing, identification and dynamics of SNPs identified in P. reticulata.  
 
2.3.1.1 Initial sampling and rearing protocol of fish 
A total of 180 Poecilia reticulata (90 male and 90 female) were sampled from the Lower Tacurigua 
River (1038’49.5”N, 6122’47.2”W) in Trinidad during March 2008 (figure 3.1).  The fish were 
caught using a fine mesh net (4mm
2
) and were separated by sex before being transported alive to 
Bangor University’s aquarium facility.  Experimental breeding began immediately after arrival in 
Bangor.   During the experiment, fish were maintained in a controlled temperature environment with 
a 12:12 hour light cycle.   Feeding was ad libitum each afternoon, primarily with live brine shrimp 
(Artermia artemia).  Except where stated fish were kept in large tanks (105-120L) in a continuous 
flow-through system.  
 
2.3.1.2 Experimental selection 
Fish were maintained for five generations of experimental selection in total, with two generations of 
random selection (F1-F2), followed by three generations of size selective harvesting (F3-F5).  The 
two generations of random selection allowed an increase in population size to 1200 fry, and 
standardised the breeding environment experienced by F3 fish aimed to minimise maternal effects.  
Five selection lines were established from the F3: two selecting for large body size (L1 and L2), two 
selecting for small body size (S1 and S2), and one randomly selected control line (C) with each line 
consisting of 50 males and 75 (randomly assigned) females.  The lines were initially set up with the 
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largest 20% of the mature F3 fish being assigned to L1 or L2, the smallest 20% being assigned to 
S1 or S2 and a random 20% being assigned to C.  Selection of the F4 and F5 then took place within 
each line, with the largest/smallest/random 20% of the fish from that line being used to make up the 
next generation.   
 
Male guppies are known to have determinate growth, such that growth will almost cease once they 
reach reproductive maturation (Reznick and Endler 1982). Females, on the other hand, continue to 
grow throughout life. Consequently, selection experiments were conducted on adult male guppies 
only in order to avoid the confounding effects of variation in size with age between selected lines. 
 
2.3.1.3 Phenotypic measurements  
Measurements of standard length (SL) were taken after all fish were mature but before selection in 
each generation.  Additional measurements were taken from most F6 fish which were to be included 
in the RAD sequencing.  SL measurements of each fish were obtained from photographs of fish 
following analysis in Adobe Photoshop®.  As photographs were analysed by two different 
researchers, a random sample of 30 fish was used to assess repeatability.  Each fish was 
photographed twice and each photograph was analysed by both researchers.  Repeatability was 
then calculated by: R = 1-N (1-(K
2
/t
2
)) / N, where K
2
 is the standard deviation between all 
repeated measures of the K
th 
fish, t
2
 is the standard deviation over all measurements and N is the 
number of fish being measured (Lynch and Walsh 1998).  Repeatability between SL measurements 
taken by the different researchers was high (R=0.973, st. dev. ± 0.033).   
 
Age and size at maturation was measured for a randomly chosen subset of males from the F2 (97 
fish) and a randomly chosen subset from within each selection line (50 fish per line).  Sexual 
maturation was determined by daily visual inspection of all fish.  Male sexual maturity can be 
determined when the fleshy hood extends beyond the gonopodium tip (Houde 1997). 
 
2.3.2 Restriction associated DNA sequencing  
A total of 151 fish from the original van Wijk et al (2013) study were selected for sequencing: 40 
from the F2 generation before size selection commenced, 54 from the large selected lines (40 L1 
and 14 L2) and 57 from the small selected lines (28 S1 and 29 S2).  These fish were chosen to 
maximise the amount of sequence data which could be obtained within the available budget, and to 
ensure an equal spread of fish were sampled from both the large and small selection regime.  
Genetic samples from the F2 fish had been obtained after all F2 males had reached maturity.  F6 
genetic samples were obtained following termination of the experiment.  Due to the low levels of 
DNA and tissue available, no fish from the F3 were included in the sequencing.  Genomic DNA was 
extracted from tissue samples using the DNeasy blood and tissue kit (Qiagen).  DNA was quantified 
on the Qubit fluorometer prior to library preparation.    
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Libraries were prepared as described in Poland et al. (2012) with addition of a size selection step 
following PCR amplification.  As discussed earlier (Section 1.8), the RAD protocol involves three 
key steps: (1) a restriction digest, during which the DNA is digested with two different enzymes; (2) 
adaptor ligation, during which the forward adaptor (made up of the Illumina adaptor and the 
barcode) and the reverse Y adaptor are ligated onto the restricted DNA and (3) Multiplex and PCR 
amplification, during which the samples are pooled together and the sequences to which both 
adaptors have successfully ligated are PCR amplified.  The addition of a size selection step in 
ddRAD protocols reduces the number of reads required to achieve high confidence in the 
genotyping of a SNP and increases the correlation in read coverage per site between individuals 
(Peterson et al. 2012).  Restriction digestion was carried out using PstI and MspI and samples were 
identified with 151 unique barcodes of varying lengths (sequences for which can be found in 
appendix I).  All samples were pooled into one library and, in order to ensure sufficient read 
coverage, the library was sequenced three times (one lane per library replicate) on an Illumina 
HiSeq 2000.  All library preparation and sequencing was undertaken by collaborators in the 
WeigelWorld group at the Max Plank institute, Germany.   
 
2.3.3 Raw data processing 
Raw Illumina sequences were de-multiplexed using the “SHORE” pipeline (Ossowski et al. 2008) 
with subsequent quality checking using “FastQC”.  The de-multiplexed reads were then cleaned 
using the “process_radtags” module of the Stacks pipeline (“Stacks: process_radtags”) (Catchen et 
al. 2011).  Quality checking with “FastQC” identified one position in the first lane of sequencing with 
very low quality throughout the samples.  As a consequence, raw reads from each lane were 
processed and cleaned separately.  As well as removing reads containing uncalled bases and 
removing reads with an overall low quality score, “Stacks:process_radtags” employs a sliding 
window technique to check the quality of the read.  The programme will calculate the quality score 
of a percentage of the read (known as a window).  Once the first window has been checked it will 
‘slide’ one bp along the read and perform the check again.  By modifying the size of the sliding 
window (the fraction of the genome to be checked), reads from lane one with low quality could be 
successfully removed without the loss of any high quality data.  For lane one, the length of the 
sliding window was set to 5-6% of the read (depending on the length of the sequence) while for 
lanes two and three the length of the sliding window was set to 10% of the genome.  Where quality 
scores within this window dropped below a 99.8% probability of being correct reads were discarded.  
 
2.3.4 Mapping to the reference genome 
Once cleaned, the reads from each lane were combined for each individual and mapped to the 
Poecilia reticulata reference genome (genbank genome accession: GCF_000633615.1) using “CLC 
workbench” (CLC Bio-Qiagen, Aarhus, Denmark).  Guppies have an X/Y sex determining system 
although a large section of the sex chromosome is thought to be pseudoautosomal (see section 
2.5.3).  Currently only a female genome sequence exists (Fraser et al. 2014) and therefore the 
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guppy genome assembly used will not contain any Y-specific sequences.  Reads were mapped to 
the scaffolds instead of linkage groups in order to enable mapping of reads to unassembled 
scaffolds to be included in further analysis.  The following parameters were used for mapping: 
mismatch cost = 2, insertion cost = 3, deletion cost = 3, length fraction = 1, similarity fraction = 0.9 
and random mapping of non-specific matches.  The parameters set required the complete read to 
align at 90% similarity and allowed the location of reads mapping to multiple positions on the 
reference to be chosen randomly. 
 
2.3.5 SNPs calling and inferring genotypes 
The “Stacks” pipeline was used to call SNP and infer genotypes for individuals.  The aligned reads 
were assembled into loci within individuals using “Stacks:pstacks” with a minimum of five reads 
required before a set of aligned reads could be classed as a locus (-m).  The “Stacks:pstacks” 
module uses an error-bound maximum likelihood model to detect polymorphisms.  This model 
estimates the sequencing error rate for each genotype at each nucleotide within a locus and then 
uses a likelihood ratio test to determine which genotype is most likely.  For this step the upper limit 
for the estimated error rate (--bound_high) was set to 0.05.  These RAD tag loci were then 
catalogued using “Stacks:cstacks” with a maximum of two nucleotide differences allowed between 
loci from different individuals (-n), before “Stacks:sstacks” was used to match individuals against the 
catalogue.  In order to ensure high confidence in all SNPs, the error correction module 
“Stacks:rxstacks” was run.  The software applies four corrections: (1) re-evaluate SNPs calls using 
information from across all individuals, (2) filter loci which have a log likelihood below a user set 
threshold, (3) remove confounded loci (multiple loci from within one individual which match to one 
catalogue loci) and (4) prune excess haplotypes from individual loci based on the frequency of 
haplotypes within the population.   For our study, loci with a log likelihood of below -20 were 
removed.  Loci containing more than three SNPs were not included in further analysis.     
 
2.3.6 Initial analysis of selection lines  
Once SNPs had been called in all individuals, “Stacks:populations” was run  allowing the calculation 
of a range of population genetics statistics (including π, Fst, Fis, and observed and expected 
heterozygosity,).  Individuals were assigned to 7 populations: L1, L2, S1, S2, F2, Large (L1 and L2 
combined) and Small (S1 and S2 combined), and all statistics were calculated for each population, 
generating eleven pairwise comparisons: Large vs. Small, Large vs. F2, Small vs. F2, L1 vs. S1, L1 
vs. S2, L1 vs. F2, L2 vs. S1, L2 vs. S2, L2 vs. F2, S1 vs. F2 and S2 vs. S2.  In order to be included a 
SNP had to be present in at least 70% of the fish in both of the populations being compared.   
 
2.3.7 Identifying SNPs under selection 
A range of analyses were used to identify putative SNPs under selection.  Initial observations were 
made by examining the Fst values of pairwise comparisons.  Outlier analyses were performed with 
two Fst outlier based approaches, “Arlequin” (Excoffier et al. 2009, Excoffier and Lischer 2010) and 
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“BayeScan” (Foll and Gaggiotti 2008).  By examining the relationship between Fst and 
heterozygosity, the method implemented in “Arlequin” (‘fdist method’) (Beaumont and Nichols 1996) 
simulates a neutral Fst distribution and identifies outliers by comparing the observed Fst values to 
those expected under neutrality.  Here the ‘fdist method’ was implemented in “Arlequin” (v3.5.1.3) 
using 100,000 simulations and 100 demes.  A SNP was considered an outlier if the observed Fst 
differed significantly (p ≤ 0.05) from the Fst simulated under neutrality.  The second outlier analysis 
decomposes the genetic differentiation into a population-specific and a locus-specific component 
and compares the contribution of the two coefficients with the observed pattern of diversity.  By 
defining two models, one in which the locus-specific component is required to explain the diversity, 
and one where it is not, the posterior probability of each can be calculated, indicating whether the 
marker is under selection.  Here, this method is implemented in “BayeScan” with the default 
parameters (20 pilot runs of 5,000 iterations and an additional burn in of 50,000 iterations followed 
by 100,000 iterations).  “BayeScan” also calculates a q-value for each locus which is defined as the 
minimum FDR at which a locus may become significant.  Any locus with a q-value ≤ 0.05 was 
identified as an outlier.   
 
Both outlier analyses were performed on 8 pairwise comparisons (L1 vs. S1; L1 vs. S2; L1 vs. F2; 
L2 vs. S1; L2 vs. S2; L2 vs. F2; S1 vs. F2 and S2 vs. S2) and a SNP was considered under selection 
if it was an outlier in either: (i) at least 1 of the 8 pairwise comparisons in the “BayeScan” analysis 
and at least 4 of the “Arlequin” comparisons or (ii) at least 6 of the 8 “Arlequin” comparisons.  Each 
of the 4 selection lines was included in 3 comparisons (e.g. L1 vs. S1; L1 vs. S2; L1 vs. F2).  
Requiring any SNP determined to be under selection by “BayeScan” to also be under selection in at 
least 4 of the “Arlequin” meant that this SNP must be showing signs of selection in comparisons 
with at least 2 of the selection lines.  Similarly, by requiring any SNP only identified as an outlier by 
“Arlequin” to be an outlier in at least 6 of the 8 comparisons meant that this SNP would be an 
showing signs of selection in either all comparisons involving two different lines, or in comparisons 
involving more than two lines.   
 
Although Fst outlier analysis is able to detect SNPs showing a significant degree of divergence 
between two populations being compared, a SNP classified as under selection, as described above, 
may not be showing concordant patterns of allele frequency change across the selection line 
replicates.  We therefore used a recently described technique (Uusi-Heikkilä et al. 2015) to assess 
allele frequency change across the generations and between the fish before and after selection.  
Allele frequency within each line (including the F2) was bootstrapped and the resulting values used 
to calculate 95% confidence intervals.  To do this 70% of the individuals from each population were 
randomly sampled and used to calculate the allele frequency for each SNP.  The random sampling 
was repeated 100 times before the 2.5
th
 and 97.5
th
 percentile of the 100 calculated allele 
frequencies was calculated and used as the 95% allele frequency CIs.  Although for some SNPs the 
95% CI between replicates did not show an overlap, only those SNPs in which the CI values 
overlapped between large and small lines were removed from further analysis.   
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2.3.8 Identifying the genes under selection 
The NCBI annotation pipeline was run on the available unpublished guppy genome (genbank 
genome accession: GCF_000633615.1).  This pipeline takes the reference genome and uses any 
other species data available (such as expressed sequence tags, transcriptome data and proteins), 
and in some cases data from closely related species, to predict gene models and protein products 
from a reference genome (Thibaud-Nissen et al. 2013).  The location of each SNP showing signs of 
selection was ascertained and the gene in which it was located, or its nearest gene, and the 
predicted protein product(s), identified.  Using this information, a literature search and relevant 
databases (NCBI gene database, UniProt knowledgebase) were used to identify putative gene 
functions.   
 
Since many SNPs showing signs of selection were located across the sex chromosome (see figure 
2.3), and as it is likely that regions of this chromosome are linked, all predicted genes and their 
protein products from this chromosome were examined.  Blast2Go searched gene ontology terms 
for predicted proteins.  Genes which have been linked to body size in fish were identified with a 
literature search.  If these were found in the annotated guppy genome, their locations and proximity 
to the RAD sequenced SNPs were determined.  
 
2.4 Results 
2.4.1 Phenotypic response to selection (van Wijk, et al., 2013) 
As previously mentioned all sampling and the selection experiment was carried out by previous 
researchers and a full statistical analysis of the phenotypic shifts observed can be found in van Wijk 
(2011).  For clarity an overview of the phenotypic changes observed follows.  
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Although male SL significantly increased in the F1 generation, there was no observed change 
between the F1-F3.  Between the F3-F6 male, SL increased from 19.30mm to 20.75mm in the large 
lines and decreased to 18.05mm in the small lines (figure 2.1. a).  No significant difference was 
observed between the replicates, and no significant change in SL occurred in the C line between 
the F3-F6.  Both age and size at maturation also showed significant differences between the 
selection regimes in the F6 (age at maturation P=0.038 and SL at maturation P= 0.022), although no 
significant difference was observed between the C line and the small lines (figure 2.1, b).  Female 
SL showed no response to selection and showed no significant difference between selection 
regimes in the F6.    
 
Where possible, F6 fish used in the RAD sequencing were measured again immediately prior to 
sequencing, however measurements were obtained only for a total of 72 of the 111 F6 fish that were 
RAD sequenced (23 S1; 20 S2; 27 L1; 2 L2).  Due to low sample size in L2 and uncertainty 
surrounding the age of these fish, size measurements from this line were not included in further 
analyses.   When the size measurements of the F6 fish used by van Wijk (2011) were taken the fish 
were approximately 50-70 days old (time point 1), however, the measurements taken from the fish 
used in the RAD sequencing were taken when the fish were approximately 18 months old (time 
point 2).  The age difference between the two time points meant that male SL was 1.13-1.4mm (5.8-
7.7%; figure 2.1, a) larger at time point 2, than it was at time point 1.  The increase in SL was similar 
Figure 2.1: Phenotypic response to size selective harvesting.  (a) change in male standard length in 
random breeding generations (F1-F3) and in generations selected for size (F4-F6), (b) male size at 
maturation in the four selected lines in the F6 generation and (c) male age at maturation in the four 
selected lines in the F6 generation.  Blue triangles and squares represent the large selected lines and 
green triangles and squares represent the small selected lines.    
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across the selection lines (t= -0.816, df=1, p=0.538) and the difference in SL between the lines at 
time point 2 was still significant (L1 vs. S1 U=34 p ≤ 0.001; L1 vs. S2 U= 36.5 p ≤ 0.001).   
 
2.4.2 Restriction associated DNA sequencing  
The three lanes of sequencing produced a total 
of 455,606,946 reads from 151 individuals.  
Three individuals with less than 100,000 reads 
each from the three lanes combined were 
removed from further analysis.  Initial processing 
and cleaning removed 62,156,281 reads leaving 
a total of 393,345,137 which were then mapped 
to the guppy reference genome.  73.76% 
(290,125,694) of the reads were successfully 
mapped to the genome.   
 
After removal of individuals with low read counts, 
the numbers of individuals sequenced in each 
line were as follows: 39 F2; 39 L1; 14 L2; 28 S1 
and 28 S2.  Although significant variation in the 
number of reads sequenced was observed in 
each of the lines (figure 2.2), such variance arose 
from variation in the number of individuals 
sequenced rather than DNA quality or quantity.   
 
A total of 339,338 putative RAD loci were catalogued 
which had a mean depth per tag and per individual of 
6.29.  Of these, a total of 193,741 loci contained 
between 1 and 3 SNPs.  The frequency of tags 
across the genome can be seen in figure 2.3.  
Applying the threshold that loci had to be present in 
at least 70% of individuals in both populations being 
compared, the number of SNPs analysed in the 11 pairwise comparisons ranged from 18,365 to 
31,310.  The mean number of SNPs in the pairwise comparisons used in the outlier analysis was 
23,196.  
 
2.4.3 Identifying SNPs under selection 
2.4.3.1 Fst analysis 
Although global Fst values between the lines were low (table 2.1), 7,624 SNPs showed elevated Fst 
values (≥ 0.05) in at least one of the pairwise comparisons.  When the samples from the two large   
                              
         
        
                     
                     
                    
                    
                    
                    
                    
                   
Table 2.1: The number of SNPs showing an 
elevated Fst (≥0.05) and the number of SNPs 
identified as an outlier in each of the pairwise 
comparisons. 
Figure 2.2: Number of raw reads, reads remaining 
after cleaning and reads successfully mapped to the 
reference genome.   
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Figure 2.3: Plots showing the number of RAD tags identified per MB across the guppy genome. 
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and two small selection lines were pooled together into L and S pools, 1591 SNPs showed a 
significantly elevated Fst (p≤0.05) in at least one of the pairwise comparisons (L vs S, L vs. F2 and S 
vs. S2), 13% of which were located on the sex chromosome (chromosome 12) (figure 2.4).  The Fst 
values observed show the significant genetic divergence which exists between the large and small 
selection lines, particularly on the sex chromosome.   
 
It has been suggested that elevated Fst values in regions of reduced recombination (such as sex 
chromosomes) may derive from the reduced levels of diversity often found in these regions due to 
sensitivity of the Fst statistic to variance in heterozygosity (Cruickshank and Hahn 2014).  To ensure 
that the elevated Fst values observed were not an artefact of reduced diversity on the sex 
chromosome, we compared the observed heterozygosity of a subset of autosomal SNPs to SNPs 
located on the sex chromosome.  Comparisons of 5 random subsets for each population (25 in 
total) found a significant difference in diversity between the sex chromosome and the autosomes 
only twice (out of 25) (Appendix II), indicating that the elevated Fst values found on chromosome 12 
were not an artefact of reduced diversity.      
 
2.4.3.2 Fdist method 
Across the 8 comparisons (L1 vs S1, L1 vs S2, L1 vs F2, L2 vs S1, L2 vs S2, L2 vs F2, S1 vs F2 and 
S2 vs F2) the mean number of outliers identified using the ‘fdist method’ as implemented in 
“Arlequin” was 2720 (SD ± 1128), (table 2.1).  A total of 28 outliers were present in at least 6 of the 
           
  
  
Figure 2.4: Fst values across the genome from three pairwise comparisons. 
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pairwise comparisons, 19 of which were located on the sex chromosome.  “Arlequin” has previously 
been shown to exhibit high type I error rates (Narum and Hess 2011) and so, by requiring a SNP to 
be an outlier in 6 of the 8 comparisons, we reduced the false positive rate and erroneously 
identifying a SNP as being under selection.   
 
2.4.3.3 Bayesian method 
The Bayesian method as implemented in “BayeScan” identified on average 2700 fewer outliers than 
‘fdist method’ as implemented in “Arlequin” (table 2.1), though as previously shown (Pérez-Figueroa 
et al. 2010a, Narum and Hess 2011, Vilas et al. 2012), “BayeScan” performs better for detecting 
SNPs under selection.  It is thus likely that a large number of putative outlier SNPs identified by 
“Arlequin” are false positives.  Despite this, we only considered a SNP identified by “BayeScan” to 
be showing signs of selection if it also exhibited signs of selection in 4 of the 8 pairwise 
comparisons analysed in “Arlequin”.   
 
The number of SNPs identified as outliers in the 8 pairwise comparisons varied from 0 to 35 (?̅? = 
11, SD ± 12.75).  Of the 88 SNPs which were identified as an outlier in at least one pairwise 
comparison in “BayeScan”, 36 were also outliers in at least 4 of the pairwise comparisons in 
“Arlequin”.  Of these, 31 were located on the sex chromosome (chromosome 12).   
 
2.4.3.4 Outlier analysis combined 
As previously described, a SNP was considered under selection for body size or maturation if it was 
identified as an outlier in either (i) at least 6 pairwise comparisons analysed in “Arlequin” or (ii) 1 of 
the pairwise comparisons in “BayeScan” and 4 of the pairwise comparisons in “Arlequin”.  Under 
these criteria, a total of 53 SNPs were considered to be under selection (table 2.2).  Of these SNPs 
17% (9 SNPs) are located on autosomes, 75% (40 SNPs) on the sex chromosome and 7% (4 
SNPs) on unassembled scaffolds (figure 2.5).  A Fisher’s exact test to assess the difference in allele 
frequency between the F2 and the small and large replicates combined, showed that of the 37 SNPs 
showing consistent signs of selection, allele frequency had changed significantly only in the large 
lines in 29 SNPs, while 4 had only changed significantly in only the small lines (table 2.3).    
 
2.4.4 Allele frequency change 
In order to assess the direction and consistency of change in the SNPs under selection the allele 
frequency of each SNP within each line was bootstrapped and used to calculate 95% confidence 
intervals.  The results show that for 37 of the 53 SNPs under selection, the direction of allele 
frequency change was consistent between replicates, with no overlap in CI between large or small  
      
     
     
    
 
 
                   
         
       
 
       
 
        
       
 
       
 
        
        
        
 
       
 
 
       
 
                                                                  
                                                                 
                                                                  
                                                                 
                                                                  
                                                                   
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                  
                                                                  
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
                                                                 
     
     
     
    
 
 
                   
         
       
 
       
 
        
       
 
       
 
        
        
        
 
       
 
 
       
 
                                                                  
                                                                  
                                                                 
                                                                   
                                                                   
                                                                 
                                                                 
                                                                  
                                                                  
                                                                  
                                                         
                                                          
                                                                  
                                                                 
                                                                  
                                                          
                                                         
                                                                  
                                                                  
                                                                 
                                                                  
                                                               
                                                                  
                                                                 
                                                                   
                                                                 
6
6
 
Table 2.2: Fst values and the number of times each SNP was identified as an outlier for each of the 53 SNPs identified as being under selection.  Comparisons with an Fst ≥ 
0.05 are highlighted.  Un denotes a SNP located on an unassembled scaffold.  * denotes a SNP which was identified as showing inconsistent patterns of allele frequency 
change in the bootstrap analysis.  N/A denotes a SNP which was not present in enough individuals to be included in that pairwise comparison.   
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106700_83   
Large 0.000 
Small 0.165 
108025_75   
Large 0.000 
Small 0.020 
108125_34   
Large 0.000 
Small  0.291 
108291_87   
Large 0.000 
Small 0.147 
139122_7    
Large 0.000 
Small 0.073 
160333_89   
Large 0.415 
Small 0.000 
202503_31   
Large 0.051 
Small 0.000 
20521_62    
Large 0.000 
Small 0.517 
21588_42    
Large 0.000 
Small 1.000 
21765_69    
Large 0.000 
Small 0.181 
22272_28    
Large 0.000 
Small 0.388 
22486_62    
Large 0.000 
Small 1.000 
23539_11    
Large 0.000 
Small 0.179 
23547_69    
Large 0.000 
Small 0.150 
23724_34    
Large 0.000 
Small 0.006 
23814_45    
Large 0.000 
Small 1.000 
23986_62    
Large 0.000 
Small 0.064 
24163_79    
Large 0.000 
Small 0.122 
Large 0.000 
Small 0.165 
24213_82    
                   
24329_40  
Large 0.000 
Small 0.247 
24329_73  
Large 0.000 
Small 0.245 
255284_22 
Large 1.000 
Small 0.000 
278569_65 
Large 0.007 
Small 0.132 
337414_45 
Large 0.000 
Small 0.064 
57318_25  
Large 0.000 
Small 0.099 
58111_52  
Large 0.000 
Small 0.832 
58232_79  
Large 0.000 
Small 0.858 
58352_33  
Large 0.000 
Small 0.119 
58413_79  
Large 0.000 
Small 0.402 
59179_32  
Large 0.019 
Small 0.003 
59448_87  
Large 0.000 
Small 1.000 
59480_84  
Large 0.000 
Small 0.628 
59832_25  
Large 0.000 
Small 0.085 
59969_19  
Large 0.001 
Small 0.281 
60122_83  
Large 0.001 
Small 0.007 
63328_58  
Large 0.000 
Small 0.127 
97286_34  
Large 0.648 
Small 0.000 
Table 2.3: Results of fishers exact test comparing the allele frequencies of F2 with the large and 
small selected lines.   
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Figure 2.5: Location of SNPs showing signs of selection following experimental selection and candidate genes 
for growth and/or maturation across the guppy genome.  For candidate genes a black cross marks the start 
point of the gene. 
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Figure 2.5: Continued 
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Figure 2.5: Continued 
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Figure 2.6: Allele frequency confidence intervals in SNPs showing consistent changes between 
replicates and no overlap in values between the small and large selection regimes.  The generation 
before selection can be seen in red, the large selected lines in green and the small selected lines in 
blue. 
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Figure 2.6: Continued  
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lines (figure 2.6).  For a further 4 SNPs, trends in allele frequencies were similar for both replicates 
within the two selection regimes but with an overlap of > 0.05 between a large and small line (figure 
2.7, A) and these 4 SNPs were removed from any further analysis.  For the remaining 12 SNPs, 
patterns of allele frequency change were either similar across all four lines or different between 
replicates within the same regime as well as having an overlap between a large and small line 
(figure 2.7, B).  These 12 SNPs were also removed from any further analysis.  The results of the 
bootstrap analysis for the 37 SNPs where the direction of allele frequency change is the same 
between both replicates support the hypothesis that these SNPs are under selection.  However, it is 
unlikely the 12 SNPs showing similar allele frequency changes across all four lines or between 
replicates from different selection regimes (e.g. similar pattern in both L1 and S1) are under 
selection in our experiment.   
 
Of the 37 SNPs consistently showing signs of selection, 15 were located on a tag which also 
contained one other SNP not showing signs of selection.  A further 2 SNPs were located on a tag 
which also contained two other SNPs not showing signs of selection.  Such apparent discrepancy 
can be explained by variation in the degree of linkage between the causal variant and the SNP, 
which in turn is explained by the proportion of alleles of each SNP that are fall on the same 
haplotype as the causal gene.  Figure 2.8 provides a schematic overview of the SNPs filtered out at 
each stage of the analysis.   
 
2.4.5 Functional analysis of SNPs under selection 
Using the predicted gene models produced by the NCBI annotation pipeline, the genomic location 
(intra/intergenic) of the 37 SNPs which had been identified by the outlier analysis as under selection 
and exhibiting concordant shifts in allele frequencies between the lines, and across generations, 
were determined.  Of 37 SNPs, 29 were found within 26 genes with 13 located in introns and 16 
located in exons (table 2.4).  The majority (14) of the 16 SNPs located within exons were at the 
located third codon position with only one each at the first and second codon positions.  For SNPs 
not located within a gene, the closest gene was identified.  Predicted proteins were identified in 
genes associated with a SNP showing signs of selection.  A search of the literature and relevant 
databases (NCBI gene database, UniProt knowledgebase) provided putative functional information 
for 28 of the predicted proteins (table 2.4).   
 
Across the guppy genome, 184 candidate genes for growth and/or maturation were identified 
(appendix III).  Of these, only six were located on the sex chromosome.  Gene ontology (GO) terms 
were obtained for 17% of the 1623 predicted proteins from genes located on chromosome 12.  GO 
terms were obtained for 3 of the SNPs showing signs of selection (table 2.5).  GO terms are split 
into one of three categories: biological process, molecular function and cellular compartment.  A 
biological process states which broad biological process the gene is associated with; a molecular 
function term describes the fundamental activity of the gene products at the molecular level and a  
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A 
B 
Figure 2.7: Allele frequency confidence intervals in (A) SNPs showing similar patterns of allele 
frequency between replicates but an overlap in values between a small and large line and (B) SNPs 
showing either variation in the patterns of allele frequency changes between replicates and an overlap 
in values between a small and large line or a similar pattern of variation across all 4 F6 lines.  The 
generation before selection can be seen in red, the large selected lines in green and the small selected 
lines in blue. 
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255284_22 4 3 10639458 3 Ex 103462010 10633222 XP_008402685.1 
PREDICTED: bifunctional 
purine biosynthesis protein 
PURH 
Catalyses steps in de-
novo purine synthesis 
Greasley et al. 
2001 
N/A 
63328_58 142 11 26175324 2 Itn 103472981 26027974 XP_008421087.1 
PREDICTED: microtubule-
actin cross-linking factor 1 
Regulates cell polarity in 
early oogenesis 
Langdon and 
Mullins 2011 
Zebrafish 
20521_62 10 12 2038395 3 Ex 103473176 2034465 XP_008421403.1 
PREDICTED: arrestin 
domain-containing protein 3-
like 
Regulates signal for 
transduction 
Moore et al. 2007 Zebrafish 
21588_42 10 12 3730395 1 Itn 103473261 3717238 XP_008421581.1 
PREDICTED: kinesin-like 
protein KIF2A 
ATP binding; 
microtubule 
binding 
Uniprot entry Human 
21765_69 10 12 4068940 2 Itn 103473261 3717238 XP_008421581.1 
22272_34 10 12 5158033 3 Ex 103473322 5124625 
XP_008421676.1; 
XP_008421677.1; 
XP_008421675.1; 
XP_008421679.1; 
PREDICTED: tenascin-like 
isoform X1, X1, X2, X3, X4, 
X5 
Extracellular matrix 
glycoproteins 
Hsia and 
Schwarzbauer 
2005 
Range 
22486_62 10 12 5603862 1 Ex 103473340 5599140 XP_008421721.1 
PREDICTED: netrin receptor 
UNC5D-like 
Morphogenesis of the 
vascular system 
Lu et al. 2004 Zebrafish 
23539_11 10 12 7907396 2 Itn 103473396 7882790 XP_008421844.1 PREDICTED: laminin subunit 
gamma-3-like 
Non available - - 
23547_69 10 12 7935019 2 Itn 103473396 7882790 XP_008421844.1 
23724_34 10 12 8276234 3 Intra 103473408 NA NA Uncharacterized gene Non available - - 
23814_45 10 12 8410913 2 Ex 103473416 8407054 XP_008421871.1 
PREDICTED: kynurenine--
oxoglutarate transaminase 1 
Catalysis of amino acid 
degradation 
Uniprot entry Human 
23986_62 10 12 8782596 3 Ex 103473504 8779256 XP_008422027.1 
PREDICTED: CDK5 
regulatory subunit-associated 
protein 2 
Regulation of CDK5.  
Cell 
dependant kinase 5 
(CDK5) is a regulator of 
neuronal migration 
Dhavan and Tsai 
2001 
Human/Mouse 
24163_79 10 12 9095304 3 Ex 103473441 9093049 
XP_008421920.1; 
XP_008421919.1; 
XP_008421921.1 
PREDICTED: protein 
transport protein Sec16A 
isoform X1, X2 and X3 
Defines endoplasmic 
reticulum sites 
Uniprot entry Human 
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Table 2.4: SNPs showing signs of selection and the genes they are located in/near.  * for SNPs located on unassembled scaffolds the SNP position is the position on the 
scaffold.  
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24213_82 10 12 9178923 1 Itn 103473449 9165302 XP_008421934.1 
PREDICTED: lipoxygenase 
homology domain-containing 
protein 1 
Involved in function of 
inner ear hair cells 
Uniprot entry Human 
24329_40 10 12 9379545 3 Ex 103473507 9368915 XP_008422030.1 PREDICTED: proprotein 
convertase subtilisin/kexin 
type 5-like 
Involved in the 
development of the brain 
and sensory organs, 
particularly the lateral 
line 
Chitramuthu et al. 
2010 
  
Zebrafish 
24329_73 10 12 9379578 3 Ex 103473507 9368915 XP_008422030.1 
57318_25 13 12 13442128 1 Intra 103473593 
1346359
5 
XP_008422157.1 
PREDICTED: 
transmembrane protein 
132C-like 
Non available - - 
58111_52 13 12 15157586 3 Intra 103473662 
1514676
3 
XP_008422281.1 
PREDICTED: lysosome 
membrane protein 2-like 
Biogenesis of lysosomes 
and endosomes 
Gonzalez et al. 
2014 
Zebrafish 
58232_79 13 12 15466340 3 Ex 103473677 
1546573
5 
XP_008422307.1; 
XP_008422306.1 
PREDICTED: small 
conductance calcium-
activated potassium channel 
protein 2 isoform X1 and X2 
Formation of small 
conductance calcium-
activated potassium 
channels 
Adelman et al. 
2012 
Human/Mouse 
58352_33 13 12 15714984 3 Ex 103473698 
1571468
1 
XP_008422342.1; 
XP_008422343.1 
PREDICTED: NF-kappa-B 
inhibitor-like protein 1 isoform 
X1 and X2 
Regulation of innate 
immune response 
Uniprot Human 
58413_79 13 12 15824981 2 Itn 103473709 
1582028
5 
XP_008422365.1 
PREDICTED: anthrax toxin 
receptor 1-like 
Homeostasis of the 
extracellular matrix 
Cingolani et al. 
2011 
Zebrafish 
59179_32 13 12 17157630 3 Ex 103473787 
1715177
4 
XP_008422503.1 
PREDICTED: endoplasmic 
reticulum metallopeptidase 1 
Development of follicular 
structures 
Garcia-Rudaz et 
al. 2007 
Mice 
59448_87 13 12 17727953 3 Ex 103473803 
1772494
2 
XP_008422525.1; 
XP_008422526.1 
PREDICTED: ADP-
ribosylation factor-like protein 
3 isoform X1 and X2 
Transportation of 
myristoylated proteins 
Wright et al. 2011 Cell lines 
 
59480_84 
13 12 17778728 2 Itn 103473807 
1776934
4 
XP_008422538.1; 
XP_008422537.1; 
XP_008422540.1 
PREDICTED: PH and SEC7 
domain-containing protein 2-
like 
Promotes ADP-
ribosylation factor 6 
(ARF6-required for 
intracellular transport) 
activation 
Derrien et al. 
2002 
Cell lines 
Table 2.4: Continued 
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59832_25 13 12 18635986 2 Itn 103473835 18420426 
XP_008422607.1; 
XP_008422606.1 
PREDICTED: astrotactin-2 
isoform X1, X2 and X3 
Regulation of protein 
localisation 
Uniprot Human 
59969_19 13 12 19052144 2 Intra 103473840 19087903 XP_008422612.1 
PREDICTED: transforming 
growth factor beta receptor 
type 3-like 
Receptor for a range of 
beta transforming growth 
factors 
Dalla et al. 2005 Human 
60122_83 13 12 19452559 2 Itn 103473852 19440034 XP_008422649.1 
PREDICTED: trimeric 
intracellular cation channel 
type B 
Maintenance of 
intracellular calcium 
release 
Volodarsky et al. 
2013 
Human 
337414_45 80 12 23599887 2 Itn 103474006 23459593 XP_008422931.1 
PREDICTED: guanine 
nucleotide exchange factor 
VAV2 
Involved in neuron 
development 
Moon and Gomez 
2010 
Xenopus 
106700_83 185 12 25154930 2 Intra 103474038 25177790 XP_008422977.1 
PREDICTED: 
uncharacterized protein 
LOC103474038 
Non available - - 
108025_75 188 12 20962700 3 Ex 103473909 20941585 
XP_008422780.1; 
XP_008422781.1 
PREDICTED: WD repeat-
containing protein 52 isoform 
X1 andX2 
Non available - - 
108125_34 188 12 21151202 3 Ex 103473914 21151025 XP_008422787.1 
PREDICTED: one cut 
domain family member 2 
Development of and cell 
differentiation in the liver 
Matthews et al. 
2008 
Zebrafish 
108291_87 188 12 21412323 2 Itn 103473938 21380147 XP_008422818.1 
PREDICTED: protein 
Shroom3-like 
Linked to lateral line 
development 
Ernst et al. 2012 Zebrafish 
202503_31 34 14 17878299 3 Intra 103476104 17831378 
XP_008426423.1; 
XP_008426426.1; 
XP_008426424.1; 
XP_008426425.1; 
XP_008426422.1; 
PREDICTED: voltage-
dependent T-type calcium 
channel subunit alpha-1H-
like isoform X1, X1, X1, X1, 
X2 and X3 
Subunit of a voltage 
dependant calcuim 
channel 
Lory et al. 2006 Human 
97286_34 173 17 30057250 3 Itn 103480045 29967725 
XP_008433010.1, 
XP_008433009.1, 
XP_008433011.1 
PREDICTED: unconventional 
myosin-X isoform X1, X2 and 
X4 
Involved in neuron 
development 
Sittaramane and 
Chandrasekhar 
2008 
Zebrafish 
278569_65 58 23 16180629 3 Ex 103459689 16178201 XP_008399689.1 
PREDICTED: ATP-
dependent RNA helicase 
DDX51 
Biogenesis of 60S 
ribosomal subunits 
Uniprot entry Zebrafish 
139122_7 219 NA 116372 2 Intra 103460262 2354 XP_008400591.1 
PREDICTED: netrin receptor 
DCC, partial 
Axon guidance. 
Fricke and Chien 
2005 
Zebrafish 
160333_89 259 NA 102618 3 Intra 103460576 130665 XP_008401031.1 
Gene description: shisa 
family member 6 
Transmembrane adaptor 
Pei and Grishin 
2012 
Zebrafish 
Table 2.4: Continued 
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SNP Protein id Biological process Molecular function Cellular compartment 
24329_40 XP_008422030.1 
 Anterior lateral line 
development 
 Peptidase activity 
21588_42 XP_008421581.1 
 Microtubule-based 
movement 
 Microtubule motor 
activity 
 Kinesin complex 
 Microtubule 
59448_87 
XP_008422525.1; 
XP_008422526.1 
 Small GTPase mediated 
signal transduction 
 Protein transport 
phosphatidylinositol 
biosynthetic process 
 Obsolete GTP catabolic 
process 
 Phospholipid metabolic 
process 
 Vesicle-mediated transport 
 GTP binding/ 
GTPase activity 
 Nucleotide binding 
 Golgi membrane 
 Perinuclear region 
of cytoplasm 
 Extracellular 
exosome 
 Intracellular 
Table 2.5: GO terms from SNPs consistently showing signs of selection 
 
cellular compartment term describes the 
subcellular and extracellular location of 
gene products (Ashburner et al. 2000).    
 
2.5 Discussion 
The aim of the experiment outlined here 
was to use RAD sequencing to study the 
genetic mechanisms and elucidate the 
genetic architecture underpinning the 
shift in life history traits as a result of 
experimental selection for body size.  
Using RAD sequencing, the current study 
identified and genotyped numerous SNPs 
in four lines of guppies which had 
previously been selected for body size, 
alongside fish taken from the generation 
before selection began.  A range of 
outlier analyses, as well as examination 
of the allele frequency change between 
fish from before and after selection 
identified thirty-seven SNPs showing 
consistent signs of selection.  The results 
show that in addition to previously observed genetic change (van Wijk et al. , 2013), additional 
regions of the guppy genome responded to, and were associated with, observed phenotypic shifts. 
However, it should be pointed out at the outset that the detected genetic changes are likely to 
represent a conservative estimate of genome-wide genetic change due to the strict constraints 
employed in SNP outlier identification and subsequent analyses.  
Table 2.4: Continued   
463,821 SNPs in 
Stacks catalogue 
23,197 SNPs in 
pairwise 
1,962 SNPs 
with elevated 
2,721 Arlequin 
outliers 
11 BayeScan 
outliers 
53 Consistently 
outlying SNPs 
37 SNPs with 
consistent allele 
37 used in 
functional analysis  
Figure 2.8: Schematic showing signs SNPs identified at each 
stage of analysis 
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Based on an in slico digestion of the guppy genome, the number of RAD loci expected was 93,194.  
The number of RAD tags in the Stacks catalogue was higher than this at 399,338.  The reason for 
the discrepancy between the number of tags identified and the number predicted is likely to be two-
fold: firstly the reference genome used for the in silco digestion is incomplete, resulting in the 
estimated number of tags being an underestimation; secondly) a number of the tags in the Stacks 
catalogue have low read depth and may have been classified as unique tags due to sequencing 
error.  The stringent conditions which were applied to the SNP calling and genotyping will have 
prevented any of these erroneously identified tags being used in further analysis.  Although the 
number of tags identified by the current project was similar to that seen in a previous RAD 
sequencing project of the guppy (Willing et al. 2011) and other fish species (Palaiokostas et al. 
2013), direct comparisons with other studies are not possible due to variation in the enzymes used 
and genome size.   
 
2.5.1 Experimental considerations of the design 
2.5.1.1 Identifying SNPs under selection 
We used both “Arlequin” and “BayeScan” to detect outlier SNPs between large and small selection 
lines, and compared individuals before and after selection.  As “Arlequin” has been criticised for 
identifying large numbers of false positives (Pérez-Figueroa et al. 2010a, Vilas et al. 2012, 
Lotterhos and Whitlock 2014), a SNP was considered to be showing signs of selection only if it was 
identified as an outlier in at least two of the selection lines (6 out of the 8 pairwise comparisons).  
Applying such constraints reduced the number of outlying SNPs identified with the “Arlequin” 
approach from 11,724 to 28, thereby removing a large number of false positives.   
 
Although “BayeScan” utilised here has also been found to identify false positives, it has been shown 
to perform more robustly when detecting true outliers than other techniques (Narum and Hess 2011, 
Vilas et al. 2012, Lotterhos and Whitlock 2014).  We therefore combined the results from 
“BayeScan” with those from “Arlequin” to set a less stringent cut-off for identifying outliers.  
Employing the above combination, any SNP identified as an outlier in one of the pairwise 
comparisons using the “BayeScan”, as well as at least four of the pairwise comparisons using 
“Arlequin”, was proposed as being under selection. Using the above approach, a total of 34 SNPS 
were identified as showing signs of selection.   
 
None of the 53 SNPs considered to be under selection were identified as outliers in all 8 of the 
pairwise comparisons.  However, 19 of these SNPs were identified as outliers in all of the pairwise 
comparisons that included a large line, while 2 were identified as an outlier in all of the comparisons 
which included a small line.  The latter suggests that the lack of identified outliers in all comparisons 
is due to variation in the response to selection between the small and large lines, rather than the 
identification of false positives.    
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2.5.1.2 Selection or drift?  
Although designation of outlier SNPs in multiple comparisons significantly reduces the chance of 
false positives, it does not exclude the possibility of elevated divergence due to drift acting on one 
replicate within each selection regime (e.g. a change in allele frequency in L1 and S1 but not in L2 
and S2).  We therefore bootstrapped the allele frequencies of each SNP within each line (Uusi-
Heikkilä et al. 2015) to examine the consistency of the changes in allele frequencies between the 
replicates.  Using such an approach, 16 out of 53 SNPs exhibited overlapping 95% allele frequency 
confidence intervals between large and small lines, and are therefore likely to be under the 
influence of drift. These SNPs were therefore no longer considered to be showing signs of 
selection.   
 
The above approach for distinguishing between the effects of selection and drift on a locus may 
potentially be conservative for two reasons.  Firstly, it is possible that the intensity of selection 
acting on a particular gene differs between two replicates, which may be due to interactions 
between loci or due to the frequency of the beneficial allele in the founder population.  Secondly, it 
is expected that many of the SNPs identified as under selection are not the causal variant but are 
linked to it.  A SNP in tight linkage would appear to show a very marked change in allele frequency 
while the allele frequency change in a SNP in loose linkage would be much lower.  Therefore 
variation in the degree of linkage in the different selection lines could result in variation in the 
change in allele frequency between the replicates.   
 
Under both of these scenarios it would be expected that the direction of allele frequency change for 
both replicates within a selection regime would be the same.  For four of the sixteen SNPs that we 
removed due to overlapping confidence intervals, allele frequency differences were seen to be 
moving in the same direction between the two replicates.  Two of these SNPs were also located on 
the sex chromosome within 18.7MB and 49.2MB (24234_71 and 58137_23 respectively) of another 
SNP under selection.   It is therefore more likely the allele frequency changes in these SNPs are 
due to selection rather than drift.   
 
By examining the changes in allele frequencies at SNPs identified as outliers we were able to 
exclude 12 SNPs showing signs of genetic drift rather than selection.  However, caution should be 
taken when comparing results between replicates.   
 
2.5.1.3 Inconsistency between SNPs on the same tag 
Of the 37 SNPs under selection, 45% (17) were located on a tag which also contained at least one 
other SNP which did not show any signs of selection.  As the mean length of a tag was 93bp, it is 
extremely unlikely that recombination has occurred among SNPs on the same tag this many times 
following only three generations of selection.  To test the likelihood of more than one SNP occurring 
within 93bp, a simulation was run based on the number of bases covered by the tags sequenced 
and the number of polymorphisms found in the guppy genome (figure 2.9).  This suggested that 4% 
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of the SNPs sequenced would be 
expected to be located within 100bp of 
another SNP, with a further 53% of the 
SNPs expected to fall within 1000bp.  It 
is therefore unlikely that the SNPs 
located on the same tag are result of 
sequencing or genotyping error.    
 
The presence of SNPs on the same tag 
showing different responses to 
selection is therefore thought to be a 
result of ancestral SNPs and variation in 
the degree of linkage between the 
causal variant and the SNP being 
considered, which could also be classed as a form of incomplete hitchhiking.  Apart from 
recombination, it is also possible for variation in the degree of linkage to occur as a result of the age 
of the SNPs.  If two SNPs (one causal and one neutral) are present in the population and occur at 
high frequency, the degree of linkage between them will be high.  If a mutation then creates a 
second neutral SNP on one haplotype containing the causal SNP, although a new mutation will be 
in linkage with the causal SNP, linkage will not be as tight as between the first two SNPs.  Therefore 
if selection then occurs on the causal SNP, the neutral SNP in strong linkage will show a high level 
of divergence between the selected lines, while the second neutral SNP not in strong linkage will 
not.  A schematic explaining this further can be seen in appendix IV.   
 
The potential for two SNPs to be in such close physical proximity and yet show a very different 
amount of linkage to the causal variant highlights the importance of examining as much of the 
genome as feasibly possible.  Furthermore, it shows that the SNPs identified as under selection 
here are likely to be linked to the casual variant even though other SNPs on the same tag are 
showing no signs of selection.   
 
2.5.1.4 Difference between selection regimes 
Of the 37 SNPs under selection, only 9 showed a significant change in allele frequency between the 
F2 and F6 in the small selected lines, while 29 showed a significant change in the large lines (also 
see figure 2.4).  Despite the fact that the SL changed significantly across all selection lines, the 
underlying genetic change was relatively small in the small lines compared to the large.  Such 
variation could be the result of selection for large body size having had a strong effect on a small 
number of loci, while selection for small body size has had a much smaller effect on a large number 
of loci.  If selection for large size has affected fewer loci than selection for small size there are two 
possible factors which could explain this variation.  
 
Figure 2.9: Expected distribution of the distance (in base 
pairs) between two adjacent SNPs assuming an equal 
mutation rate across the genome.  
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The first possibility considers the origin of the founder fish.  As discussed in section 1.5 (see also 
section 3.2.2), guppies are found in freshwater streams where waterfalls separate upper river 
populations from populations downstream.  Migration primarily occurs in one direction (upstream to 
downstream) (Shaw et al. 1991, Crispo et al. 2006, Barson et al. 2009, Willing et al. 2010) and as a 
result downstream populations are genetically more diverse (Shaw et al. 1991, Crispo et al. 2006, 
van Oosterhout et al. 2006, Willing et al. 2010).  Downstream populations are also smaller in body 
size, in part due to the higher levels of predation they experience (Reznick and Bryga 1987b, 
Reznick, Rodd, et al. 1996).    
 
The founder fish used in van Wijk et al. (2013), were collected from a downstream population and 
therefore genetic diversity was high, and the average SL was low (van Wijk et al. 2013).  Due to 
unidirectional flow of migration, it is likely that any alleles coding for large size in a downstream 
population would exist at low frequency and wouldn’t persist for long.  Therefore many of the alleles 
present in the founder fish may have been associated with small size with only a small number 
associated with large size.  The increase in SL during the first three generations of selection would 
have increased the frequency of these ‘large’ alleles in the founder population, but it would not have 
increased the number of alleles responsible for large size.  Selection for large body size increased 
the frequency of such alleles further, creating large variation at a small number of SNPs.  At the 
same time, selection for small body size would have reduced the frequency of the alleles coding for 
large size and resulting in the genetic structure of the F6 small lines being very similar to that of the 
F1.  A review of evolve and re-sequence studies (E&R) showed that the history of the founder 
population can influence the power the experiment to identify all of the variants under selection 
(Schlötterer et al. 2015).      
 
The second explanation which could lead to selection for large size affecting fewer loci than 
selection for small size is variation in the genetic mechanisms underpinning small and large body 
size.  The observed pattern of variation could result from 
selection for large body size acting on a small number of 
large effect loci while selection for small body size is 
acting on a large number of small effect loci.  The effect 
of inbreeding on body size in a wide range of species 
highlights the fact that increased homozygosity at a large 
number of loci can result in smaller body size (Goldish 
1996, Beekman et al. 1999, Rzewuska et al. 2005, Honan 
2008, Lacy and Horner 2012).  Although inbreeding was 
not identified in this study (van Wijk et al. 2013), it is 
possible that the small body size observed is an indirect 
result of the accumulation of a large number of small (and 
potentially deleterious) changes, while a large body size is 
Figure 2.10: Heterozygosity of all 
SNPS and those showing signs of 
selection in each of the five 
populations.  
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the result of direct selection on a small number of alleles involved in pathways linked to body size.  
If such was the case it would be expected that selection on a large number of genes linked would 
result in reduced heterozygosity in the small lines.  Although there was no variation in 
heterozygosity between the lines across all genotyped SNPs, observed heterozygosity in SNPs 
identified as being under selection was significantly higher in the large lines than it was in the small 
lines (figure 2.10).   
 
However, although the observed variation in genetic response could be the result of selection for 
large size affecting fewer loci than selection for small size, it could also be explained by variation in 
the level of linkage disequilibrium.  For example, it could be that the selection on large body size 
acted on a small number of alleles which were in linkage disequilibrium with a large number of other 
loci across the chromosome.  If selection acted on only one or two loci which were part of a much 
larger linkage block then our analysis would have identified signs of selection across this entire 
block.  On an autosomal chromosome recombination makes a linkage block this large unlikely, 
however the level of recombination across the guppy sex chromosome is unknown.  It is therefore 
not possible to determine how many loci are actually under selection on chromosome 12 and how 
many are simply in linkage with the loci under selection.  Concurrently, the selection for small body 
size might have acted on the same loci as selection for large body size, but the size of the linkage 
block these loci are present on in the small selection lines might have been smaller.  A lower level 
of linkage between the causal loci and the rest of the chromosome in the small selected lines would 
have resulted in our analysis identifying only a small number of loci showing signs of selection in the 
small lines.   
 
2.5.2 Hard or soft selective sweep? 
The results of the genome-wide analysis of the experimental selection lines highlighted only a small 
number of SNPs showing signs of selection.  The majority of these SNPs (86%) were located on the 
sex chromosome which may indicate a large amount of linkage across this chromosome.  All of the 
five SNPs showing signs of selection on the autosome were located on independent chromosomes.  
Despite the apparent linkage between the SNPs on the sex chromosome it is more likely that the 
observed genetic variation results from a soft selective sweep. 
 
Traditionally, both hard and soft selective sweeps can create a region of reduced diversity around a 
mutation under selection (Burke 2012), although the size of the region affected and the degree of 
the reduction in diversity would differ.  Following a hard selective sweep, in which a novel mutation 
rapidly becomes fixed, the reduction in diversity around the allele in question is severe, and the 
area affected large due to the strong linkage between it and the variation around it.  Following a soft 
selective sweep, in which selection acts on standing variation, the drop in diversity does not cover 
such a large area and is not as significant, making it more difficult to detect.  It has been considered 
traditionally that hard selective sweeps act on few large effect alleles, while soft selective sweeps 
act on a larger number of small effect alleles. Moreover, it has also been pointed out that there no 
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reason why a single standing genetic variant could not be rapidly swept to fixation as with new 
mutations (Orr and Betancourt 2001, Jensen 2014).  When combined with the potential for the 
signatures of an old hard sweep to be very similar to that of a soft sweep this has led to questions 
surrounding our ability to distinguish between hard and soft sweeps (Jensen 2014, Schrider et al. 
2015, Stephan 2015).    
 
High levels of genetic variation (and selection for body size in the founding population) in our study, 
taken together with the short time over which selection was imposed (making new mutations 
extremely unlikely), and the lack of a significant drop in diversity surrounding any of the outlying 
SNPs, suggest that the observed changes in allele frequencies likely derived from a soft selective 
sweep.  The observed soft selective sweep is likely to represent an example of an incomplete 
sweep because very few alleles under selection reached fixation.  Pavlidis et al.  (2012) showed 
that as the optimum phenotype for polygenic traits can be obtained by a range of allele 
combinations, the more loci involved in a trait the lower the chance the alleles involved will reach 
fixation.  It is therefore possible that for such a polygenic trait as body size, fixation for the alleles 
underpinning it may never be reached.   
 
2.5.3 Sex linkage of SNPs under selection 
Of the 37 SNPs under selection, 32 (86%) were located on the sex chromosome, which highlights 
the sex-linked nature of the phenotypic traits under selection here.  Although the guppy has an X/Y 
sex determining system (Tripathi et al.  2009; Lisachov et al.  2015), the majority of the sex 
chromosome is pseudoautosomal (Nanda et al. 2014, Lisachov et al. 2015).  It is thought that there 
are three distinct regions of the guppy Y chromosome, the male specific non-recombining region 1 
(MSNR1), the male specific non-recombining region 2 (MSNR1), the freely recombining region 1 
(FR1) and the freely recombining region 2 (FR2) (see figure 6 in Lisachov et al.  2015).   The Y 
chromosome is homologous with the X at all but the MSNR2 but exhibits reduced recombination in 
both the MSNR1 and MSNR2 (Lisachov et al. 2015).   
 
As the reference genome used in this study originated from a female guppy (Fraser et al. 2014), it is 
expected that any region of the Y chromosome not homologous to the X will be excluded in the 
assembly, the adjacent region on X chromosome.  Indeed, although the length of the Y 
chromosome has been found to differ between different strains (Nanda et al. 2014), even at its 
shortest the sex chromosome is thought to be the longest chromosome in the guppy genome, yet 
the sequence for this linkage group is only the sixth longest in the assembly.  It is possible, 
however, that as the homology between the X and Y of the MSNR1 and the MSNR2 are unknown 
that sequences from these regions in the Y would have successfully been mapped to the adjacent X 
sequence.  If this was the case it would be expected that a drop in the quality of the mapping would 
be visible in these regions, however no such drop was observed.   
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The analyses used in the current chapter focus on the relative measure of divergence, Fst which 
compares within-population diversity to between-population diversity.  Regions of reduced 
recombination have reduced within-population diversity (Charlesworth et al. 1997) which will lead to 
inflated measures of relative divergence such as Fst (Cruickshank and Hahn 2014).  Reduced 
recombination is expected on a sex chromosome, although recombination is thought to occur freely 
in the pseudo-autosomal sections of the guppy sex chromosomes.  It is possible that the inflated Fst 
values seen across the sex chromosome in the current project are simply the result of reduced 
diversity across this chromosome.  In order to assess this we compared the observed 
heterozygosity of a subset of autosomal SNPs to SNPs located on the sex chromosome.  
Comparisons of 5 random subsets for each population (25 in total) found a significant difference in 
diversity between the sex chromosome and the autosomes only twice (out of 25) (Appendix II).  
However, when considering the Y chromosome, in particular the non-recombining fragments, 
heterozygosity could be considered simply as a measure of the differences between the X and Y 
chromosome and not a measure of diversity on the Y chromosome.  Using the data available here, 
there is no appropriate way to determine whether the inflated Fst values seen across the sex 
chromosome are a result of selection on Y-linked loci or an artefact of reduced recombination. 
 
It is not possible to know whether Y-specific reads have been included in our analysis.  However, 
the strong signs of selection across the sex chromosome, the phenotypic response which was 
observed only in males and a previous observation of sex specific segregation of alleles linked to 
body size (Tripathi et al. 2009b) indicate Y linkage of the genes under selection in this study.  
Further to this, the reduced levels of recombination identified (Nanda et al. 2014) are likely to have 
led to increased linkage which would explain the elevated Fst across the whole chromosome.  It 
would also be expected that such increased linkage would result in linkage between SNPs present 
in the Y-specific region and SNPs present in the freely recombining regions.    
 
2.5.4 Putative function of genes under selection 
2.5.4.1 Genes located on the sex chromosome 
Only one of the 37 SNPs showing signs of selection was located at the second codon position 
within an exon and therefore synonymous.  This SNP was located on chromosome 12 in a gene 
coding for cysteine conjugate-beta lyase (ccbl1).  One other SNP likely to be a synonymous 
mutation (first coding position in the exon) is also located on chromosome 12, in the netrin receptor 
unc5d-like gene (unc5d).  For any SNP in our study, unless the causal allele is Y-linked, the gene 
must be differentially expressed in order to explain the lack of phenotypic change in females. A 
recent study of the transcriptome found transcripts within 100bp of both the ccbl1 gene and the 
UNC5D gene to be differentially expressed in males and females.  Both of these genes have the 
potential to be contributing to growth and maturation, however neither has been previously linked to 
either.   
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Figure 2.11: Location of outlying SNPs, candidate genes and previously identified QTLs for body size on 
chromosome 12.  Vertical blue lines show where one scaffold ends and another begins. 
 
The remaining SNPs were either located in intragenic or intergenic regions on both the sex 
chromosome and the autosomes.  On the sex chromosome, 30 of the outlying SNPs appear to fall 
into four broad groups according to the scaffold on which they are located.   
 
The first group is located on scaffold 10 (between 0 and 9.96MB) and in close proximity to 
previously identified QTL for body size in the guppy (figure 2.11) (Tripathi et al. 2009b). However, it 
does not contain candidate genes for growth or body size.  Our attention therefore turns to the 
genes in which the SNPs under selection are located.  Of the fourteen SNPs located on scaffold 10, 
thirteen are located within ten genes.  The SNPs located in two of these genes are likely to be 
synonymous mutations and have already been discussed (ccbl1 and unc5d).  Of the remaining 
eight genes, three are noteworthy.  Two (pcsk5 and cdk5) have both been identified as being 
involved in organ development while the kinesin-like protein kif2a (kif2a) may contribute to growth 
by controlling the amount of energy available to a cell.  Both the kif2a and the cdk5 genes have 
been found to be differentially expressed in male and female guppies (Sharma et al. 2014).  In 
addition to the genes above it is possible that sequence data is missing from either side of this 
scaffold and the SNPs here are linked to genes located on the missing sequences.     
 
The majority of the second group of SNPs are located on scaffold 13 (11.01-20.70MB), however 
given the observed similarities in allele frequencies between these SNPs and those on scaffold 188 
(20.70-21.55MB) and the SNP at the distal end of scaffold 13, the three SNPs located on scaffold 
188 are also included.  Of the 11 genes (14 SNPs) in this group, four are noteworthy.  Two of these 
genes (oc2 and shrm3-like) have been linked to organ development in zebrafish (liver and lateral 
line respectively) (Matthews et al. 2008, Ernst et al. 2012).  The two other genes (kcnn3 and 
tmem38b) are involved in the maintenance of intracellular calcium levels (Adelman et al. 2012, 
Volodarsky et al. 2013).  In medaka (Oryzias latipes), an increase in intracellular calcium ions has 
been found to take place in response to an increase in the gonadotropin-releasing hormone 
(Strandabø et al. 2013) and therefore changes in these genes may have been related to changes in 
the level of gonadotropin.  
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It is possible that some of the genes discussed above are under selection. However, it is unlikely 
that these SNPs were synonymous mutations, and the level of linkage across this chromosome is 
thought to be high.  Therefore the causal variant may also be located in one of the four candidate 
genes found on this chromosome.  The first candidate gene on this scaffold is an NADH 
dehydrogenase gene has been associated with body size in rainbow trout (Oncorhynchus mykiss), 
and found to be differentially expressed in male and female guppies (Sharma et al. 2014).  Also 
located on this chromosome and differentially expressed in male and female guppies (Sharma et al. 
2014) is the transforming growth factor beta receptor type 3 (tgfßr-III).  tgfßr-iii has been shown to 
increase growth by negatively regulating the TGF/SMAD cascade  (Eickelberg et al. 2002) as well 
as acting as a receptor for the insulin growth factor binding protein 3 (Wu et al. 2000).  While this 
gene contained no SNP showing signs of selection, SNP 59969_19 was located only 34.89KB from 
the start of the gene.    
  
The remaining two candidate genes on this scaffold are both related to the hormone prolactin.  A 
wide range of functions have been attributed to the hormone prolactin such as metabolism, 
lactation, immune response and osmoregulation in fish (Manzon 2002, Boutet et al. 2007).  As well 
as being linked to growth rate and body size in agricultural species (Bhattacharya et al. 2011, Lü et 
al. 2011), prl has also been linked to both growth and reproduction in fish (Shepherd et al. 1997, 
Whittington and Wilson 2013, Velan et al. 2015).  One of these genes, (prl) has been found to be 
significantly upregulated in female guppies (Sharma et al. 2014).  As guppy females grow 
throughout their lifetime while growth in males is significantly reduced after maturation the up-
regulation of prl genes in female guppies supports the hypothesis that this gene plays a role in 
growth and body size.   
 
2.5.4.2 Genes located on the autosomes 
Only five of the SNPs showing signs of selection are located on autosomes, four of which are 
located within a gene (table 2.4).  The SNP on chromosome 14 is not located within a gene, which 
suggests that it is either a false positive, or is in linkage with the causal variant.  The closest gene to 
this SNP is the voltage-dependent T-type calcium channel subunit alpha-1H gene.  As discussed 
previously, cellular calcium levels have been found to increase as a result of an increase in 
gonadotropin which may be linked to the changes in the timing of maturation observed.   
 
The four remaining SNPs are located on chromosomes 3, 11, 17 and 23 in the genes atic, macf1, 
myo10 and ddx51 respectively.  The myo10 and ddx51 genes are not thought to be linked to body 
size or maturation timing.  The protein produced by the atic gene (located on chromosome 3) 
catalyses steps in the de-novo synthesis of purine, which has been shown to act as a growth limiter 
in cultured fibroblast cells (Kondo et al. 2000).  It could be expected therefore that changes in the 
de-novo synthesis of purine may be associated with changes in body size.   
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It is also possible that the SNP identified as being under selection on chromosome 3 is linked to the 
causal variant.  Within 0.8MB of this SNP is a candidate genes for maturation (cytochrome P450 
which encodes the aromatase protein).  Inhibition of aromatase, which is the closest of these genes 
to the SNP, has been shown to be induce early maturation in fish (Antonopoulou et al. 1995, 
Charan et al. 2013).  The SNP on chromosome 11 showing signs of selection is located in the 
macf1 gene on chromosome 11 which is not thought to be linked to body size.  The candidate gene 
closest to this SNP (0.8MB) is another NADH dehydrogenase gene which as discussed in section 
2.2.6 has been previously linked to body size (Salem et al. 2012).     
 
As it is unlikely that a gene located on an autosomal chromosome would be Y linked, any gene 
under selection and located on an autosome in our study would be expected to be differentially 
expressed in males and females.  While only one of the SNPs showing signs of selection is within 
100bp of a transcript differentially expressed between males and females (SNP 255284_22 on 
Chromosome 3), all four candidate genes discussed above are located in a differentially expressed 
transcript (Sharma et al. 2014).  In particular the aromatase candidate gene located on 
chromosome 3 was found to be significantly up-regulated in females.     
 
2.5.4.3 Genes located on unassembled scaffolds 
Two of the SNPs showing signs of selection were located on scaffolds which had not successfully 
been assigned to a linkage group.  It is thereby not possible to determine whether these loci belong 
on the sex chromosome or an autosome, though since these scaffolds have been annotated, it is 
possible to consider putative function.  Neither of the two SNPs is located within a gene.  The dcc 
gene which is located 0.027MB from a SNP identified as under selection, is the involved in axon 
guidance in early development and has been linked to morphogenesis of the pectoral fin in 
Zebrafish (Fricke and Chien 2005).   
 
2.5.5 Consequences for fisheries-induced evolution 
As discussed in section 1.4, the importance of findings presented here for FIE specifically, and 
more generally for size-selective changes in wild populations, lies in the number of loci involved and 
the degree of change observed in these loci.  Data indicate that selection for small body size might 
affect a large number of loci while selection for large body size might have a stronger effect on 
fewer loci.  Due to the size limits imposed on fish caught by fisheries, and the greater value of fish 
of large size (Gwinn et al. 2015), FIE selects for small size.  Studies of harvested populations show 
that fish in these populations are smaller than their ancestors and mature earlier, which is 
consistent with the pattern seen in the small selected lines in this study (Ricker 1981, Olsen et al. 
2004, Swain et al. 2007, Fenberg and Roy 2008, Neuheimer and Taggart 2010, Hutchings and 
Rangeley 2011).   
 
Previous results from the selection experiment utilised here have shown that size selective 
harvesting can cause genetic change as well as phenotypic change (van Wijk et al. 2013).  The 
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results from the RAD sequencing performed here show that size selective harvesting has had a 
genome wide impact.  It is unlikely that we have been able to identify the causal genomic variants 
underpinning the shifts in life history traits.  However, the regions undergoing genetic change here 
are consistent with regions previously linked to body size in the guppy.  Therefore our results offer 
direct support for the genome wide effect of FIE.  As well as providing evidence of genomic change 
by size selective harvesting our results also offer an insight into the potential for recovery in 
exploited populations.    
 
If selection for small body size is underpinned by a large number of loci a reduction in the level of 
diversity would be expected.  Therefore, if the pattern of genetic change seen in this study is similar 
to that in the wild, it would be expected that harvested wild populations would exhibit reduced levels 
of diversity.  Several studies have shown reduced genetic diversity (Hutchinson et al.  2003; Hoarau 
et al.  2005; Hauser et al.  2002; Kenchington 2003; Pinsky & Palumbi 2014 although see also 
Ruzzante et al.  2001; Poulsen et al.  2006).  Although it could be argued that selection on a large 
number of small effect loci could be easier to reverse due to the small change in allele frequencies, 
the short time for which our study was run compared to the time over which fisheries-induced 
evolution has taken place, makes it very likely that selection on wild populations has had a much 
larger effect on a large number of loci.  Therefore, to return the observed traits to their pre-
harvesting values, selection would have to be equally as strong as fishing, and in the opposing 
direction for a long time.  Following fishing moratorium selection for large body size (as would be 
expected under natural selection) would be the only selection pressure following fishing moratorium.  
Under such a scenario, the genetic changes observed in the large lines here suggest that selection 
for large body size would only act on a smaller number of loci and would not result in a genome-
wide recovery of genetic diversity.  Conover et al.  (2009) showed that phenotypic changes as a 
result of selection for body size over five generations did begin to return to their pre-selection values 
following five generations during which harvesting was halted.  Following the logic above, the 
recovery Conover et al.  (2009) observed could be explained by change at numerous loci only being 
negligible due to the limited number of generations over which selection took place.  In agreement 
with such a theory, populations of Atlantic cod which have been harvested for decades have 
showed very little recovery following a dramatic reduction in harvesting (Hutchings and Rangeley 
2011).   
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Chapter 3: Examining candidate loci in wild populations  
3.1 Abstract 
In the rivers in Trinidad guppies exist in what has been described as a ‘natural laboratory’.  
Waterfalls form barriers to larger fish migration, creating significant differences in the level of 
predation experienced by fish above and below these waterfalls.  Above the waterfalls, where the 
level of predation is low, fish have evolved to grow larger and mature later.  In the pools below the 
waterfalls, where the level of predation is high, fish are smaller and mature earlier.  The changes in 
life history traits in response to predation in these wild populations are similar to the changes seen 
in response to harvesting and in the van Wijk (2011) selection experiment.  Consequently, the wild 
populations offered a unique opportunity to provide support for the selection identified in the 
previous chapter.  To examine this, a selection of the SNPs showing signs of selection in Chapter 
Two were genotyped in fish from one upstream and one downstream site from each of nine rivers.  
Signs of selection were identified using Fst outlier analysis and analysis of allele frequency changes.  
None of the SNPs showed consistent signs of selection across the nine rivers studied.  The 
apparent lack of selection at these loci is probably the result of a lack of convergent evolution, 
although the experimental design may have also contributed.   
 
3.2 Introduction 
3.2.1 Using wild populations to validate inferences from experimental selection 
Laboratory experiments have been invaluable in determining the genetic basis of evolutionary 
processes such as the agents driving selection (Harshman and Hoffmann 2000), the loci or 
genomic regions underpinning quantitative traits (Ollivier et al. 1997, Jacobsson et al. 2005, Yang et 
al. 2007), the contribution of phenotypic plasticity (Scheiner 2002, Garland and Kelly 2006) and the 
heritability of the trait in question (Visscher et al. 2008).   Despite the accepted importance of 
laboratory experiments in increasing our understanding of evolution (Fuller et al. 2005), such 
studies have their limitations (Huey and Rosenzweig 2009), and findings should be validated in wild 
scenarios where appropriate.  The consequences of not performing such complementary empirical 
tests are illustrated in the case of the evolution of insecticide resistance, where laboratory selection 
experiments have yielded different results to those found in a natural setting (McKenzie and 
Batterham 1994).  Early laboratory selection experiments demonstrated that pesticide resistance 
was under polygenic control in Drosophila (Crow 1957, McKenzie et al. 1992, Morton 1993). 
However, resistance in natural populations is more often underpinned by a limited number of large 
effect genes (Carrière and Roff 1995, ffrench-Constant 1996, McKenzie 2000, Raymond et al. 2001, 
Rinkevich et al. 2007).  These differences appear to have been primarily caused by the reduced 
size of the gene pool in a laboratory setting, though the length of time the strains had been bred in 
the laboratory are also likely to have influenced outcomes (Ffrench-Constant 2013).   Although 
many studies highlight the need to confirm the results of laboratory selection experiments in wild 
populations, these tests are still not widely performed.   
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One early example of a selection experiment where the results were tested in the wild is that of the 
LDH gene in the estuarine killifish Fundulus heteroclitus.  Using a laboratory selection experiment, 
Powers et al.  (1991) showed that two allozyme alleles were linked to a range of temperature 
dependant traits including swimming performance, metabolism, developmental rates,  and overall 
survivorship at high temperatures (see also DiMichele & Powers (1991)).  Populations of F. 
heteroclitus found on the Atlantic coasts of the United States are distributed along a latitudinal 
thermal gradient.  Studies of these wild populations have shown that fish at the extremes of the 
range are fixed for alternate allozyme alleles in the LDH gene (Powers and Schulte 1998).  Other 
studies where genetic variation associated with phenotypic traits were identified in the laboratory 
before being verified in wild populations, include genes mediating flowering time in barley (Turner et 
al. 2005, Jones et al. 2008) and Arabidopsis (Aranzana, Kim, Zhao, Bakker, et al. 2005), the 
mutation encoding antimalarial drug resistance in Plasmodium falciparum (Ariey et al. 2014), 
nesting building in the house mouse (Lynch 1980; 1992) and the genomic response to predation 
and parasitism seen in Daphnia magna (Orsini et al. 2012). The existence of clear patterns of 
genetic and phenotypic diversity in populations of Trinidadian guppies, Poecilia reticulata, provides  
a potentially insightful opportunity to compare inferences from the laboratory (Chapter 2), with 
patterns in the wild.  
 
3.2.2 The guppy system 
The geology and the river system found on the northern range of Trinidad have created what has 
previously been described as a ‘natural laboratory’ (Haskins et al. 1961).  Several parallel rivers 
drain the northern slopes of the range whilst the southern slopes are drained by several rivers which 
flow into one of two main drainages, the Caroni (to the west) and the Oropuche (to the east).  All 
main rivers contain guppies, Poecilia reticulata.  Early genetic studies suggested a ‘two arcs 
hypothesis’ of phylogeography with guppies from the Caroni drainage and rivers along the northern 
coast originating in the Orinoco, a river which runs through Venezuela, while those in the Oropuche 
drainage  originating in a separate drainage in South America.  The hypothesis stemmed from the 
high levels of genetic divergence observed between populations in the Oropuche and Caroni 
drainages which are thought to have been separated for 600,000 to 1.2 million years (Carvalho et 
al. 1991, Fajen and Breden 1992, Alexander et al. 2006).  Under the two arcs hypothesis it would 
be expected that differentiation between populations in the Caroni and Oropuche would be high, 
and on the other hand, low between the Caroni and the rivers on the northern slopes (Suk and Neff 
2009).  However, more recent genetic analyses have found that both of the populations in two 
drainages on the south side of the range are highly differentiated from rivers on the northern slopes, 
and that populations in these three drainages make up three distinct lineages (Alexander et al. 
2006, Schories et al. 2009, Suk and Neff 2009, Willing et al. 2010).   
 
92 
 
3.2.3 Adaptation to predation regimes  
Many of the rivers located on both the northern and southern slopes are segregated by waterfalls 
large enough to act as a barrier to upward migration and colonisation of many species of fish 
(Magurran 2005).  Although guppies have been able to colonise pools both above and below these 
waterfalls, many predators have not.  For individuals living in the headwaters above the waterfalls, 
the risk of predation from predatory fish as adults is low.  Typically these sections of river contain 
one species of predatory fish, the killifish (Rivulus hartii), which is an occasional predator and only a 
significant threat to smaller and juvenile individuals (Mattingly & Butler 1994).  In contrast, those 
living downstream of the waterfalls experience much higher predation where they are targeted by a 
range of predators such as the pike cichlid (Crenicichla alta), the wolf fish (Hoplias malabaricus) 
and the characin (Astyanax bimaculatus), many of which will selectively predate on large, mature 
individuals (Magurran and Phillip 2001).  In addition to the predation by fish, aerial and invertebrate 
predators also feed on guppies (Magurran 2005).  Several avian predators such as green 
kingfishers (Chloroceryle americana), American pygmy kingfishers (C. aenea), belted kingfishers 
(Ceryle alcyon) and great kiskadees (Pitangus sulphuratus) are thought to feed on guppies.  The 
fishing bat (Noctilio leporinus) is also a potential aerial predator (Templeton and Shriner 2004, 
Magurran 2005).  The main invertebrates to prey on guppies are freshwater prawns 
(Macrobrachium), although the level of predation by prawns has been debated (Liley and Luyten 
1985, Endler 1991).  Both aerial and invertebrate predators are thought to affect guppy anti-
predator behaviour however neither impose size selective predation and are therefore thought to 
have little effect on the variation in life history traits (Rodd and Reznick 1991, Templeton and 
Shriner 2004). 
 
As well as the notable difference in predation regimes, populations from above and below waterfalls 
also differ in a range of phenotypic, life history and behavioural traits.  The first of these was noted 
by Endler (1980; 1984) who identified that the colouration of male guppies varied as a result of a 
combination of natural and sexual selection, with natural selection for dull colour patterns 
dominating in the highly predated populations, and sexual selection for bright coloured males 
dominating in populations with low predation rates (see also Houde (1997) and Martin & Johnsen 
(2007)). Guppies have also been found to differ in behavioural traits (Seghers 1974, Breden et al. 
1987, Magurran and Seghers 1990, Magurran et al. 1992, 1995, Houde 1997, O’Steen et al. 2002, 
Kelley and Magurran 2003, Ghalambor et al. 2004), life history traits (Reznick et al.  1996; Reznick 
1987; Reznick & Endler 1982), sex ratio (Haskins et al. 1961, Seghers 1974, Peterson and Small 
2005), parasite resistance (Oosterhout 2003, Oosterhout and Smith 2007), morphology 
(Langerhans and DeWitt 2004), swimming performance (Ghalambor et al. 2004) and diet (Zandonà 
et al. 2011, Sullam et al. 2014) between the high and low predation sites.  The genetic basis of 
some traits has been examined using laboratory studies and common garden experiments (Endler 
1980, Reznick and Endler 1982, Reznick and Bryga 1996, O’Steen et al. 2002).  The traits of 
interest here included variation in life history strategies in relation to predation regime.  Fish from 
low predation, upstream populations mature later, grow larger, allocate less energy to reproduction 
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and produce smaller broods of larger offspring than those in higher predation, downstream 
populations (Reznick et al.  1996; Reznick 1987; Reznick & Endler 1982).   
 
While the level of predation by fish appears to have a direct effect on life history traits (Reznick and 
Bryga 1996), predation alone cannot explain all observed variation and other pressures such as 
parasitism (Cable and van Oosterhout 2007) and population density are likely to be factors.  To be 
the sole driver, the mortality risk from predation would need to be age-specific, that is, the risk of 
mortality for adults would be higher in high predation sites than in low predation sites, while the 
predation risk for juveniles would not differ (Travis, Reznick, and Bassar 2014).  However, this 
appears not to be the case with the mortality risk the same across the age classes (Mattingly & 
Butler 1994; Reznick et al.  1996).  It has therefore been suggested that feedback between 
ecological and evolutionary processes are playing a role in the evolution of the life history patterns 
observed (Reznick et al. 2002, Bassar 2010, Travis, Reznick, and Bassar 2014).  As guppy 
populations colonise low predation sites, the population grows, and competition for food resources 
drives a shift from eating low numbers of high quality invertebrates to large amounts of low quality 
algae (de Villemereuil and López-Sepulcre 2011, Palkovacs et al. 2011, Zandonà et al. 2011, 
Sullam et al. 2014).   In turn, the increase in time and energy allocated to resource acquisition 
drives a shift in life history patterns towards later maturity and smaller broods of higher quality 
offspring (Bassar et al. 2013, 2015).   
 
Perhaps the most important aspect of guppy populations present in Trinidad is the replication of 
high / low predation sites.  Upstream and downstream populations within a river are more 
genetically related to each other than to populations in other rivers (Willing et al. 2010), and gene 
flow between sites is limited, and occurs primarily in the downstream direction.  Despite the genetic 
divergence, high predation sites are phenotypically more similar to each high predation sites in 
other rivers than they are to their corresponding low predation site.  The guppy system in Trinidad 
therefore represents adaptive phenotypic variation which has evolved independently across multiple 
sites.  Systems such as this, which have also been so well studied, do not occur often in nature and  
provide an opportunity to examine patterns from experimental studies where certain factors can be 
controlled and manipulated.   
 
By utilising the ‘natural laboratory’ that is the river system in Northern Trinidad and the guppies 
found within, here we will assess the importance of candidate loci identified in Chapter 2 of the 
thesis, by examining selection in wild populations experiencing corresponding selection pressures.  
If similar signs of selection can be detected at the previously identified candidate loci in wild 
populations it would offer support for their role in influencing observed trends in life history traits.   
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3.3 Methods 
3.3.1 Fish sampled 
A total of 512 adult male fish were sampled from seventeen sites in Northern Trinidad between 
2003 and 2006, encompassing four drainages and eight rivers (Table 3.1, Figure 3.1- see also 
figure 1.2).  Tissue samples and length data for each fish were provided by Cock Van Oosterhaut 
(UEA) and Jo Cable (Cardiff University).  Rivers were chosen based on availability of samples from 
corresponding upstream and downstream sites in a river.  In seven rivers, upstream and 
downstream sites were separated by large waterfalls which act as a barrier to upstream predator 
Figure 3.1: Map of the sites sampled across Northern Trinidad.          Marks the site the original samples 
used in the selection experiment were collected from.   
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Table 3.1: Number and location of samples utilised in chapter 3.   
GPS E GPS N
1 Caroni Aripo Upper 2003 693277 1181843 33
2 Caroni Aripo Lower 2003 694410 1177783 52
3 Caroni Aripo Upper 2006 694030 1182128 26
4 Caroni Aripo Lower 2006 694410 1177783 29
5 Caroni Caura Upper 2003 679757 1182475 16
6 Caroni Caura Lower 2003 678436 1177236 59
7 Caroni Guanapo Lower 2003 691385 1174569 24
8 Caroni Guanapo Upper 2003 690247 1182015 20
9 Caroni Lopinot Upper 2003 683520 1182443 28
10 Caroni Lopinot Lower 2003 683553 1175663 63
11 Marianne Marianne Lower 2003 685890 1193642 26
12 Marianne Marianne Upper 2003 685891 1192747 19
13 Oropuche Oropuche Lower 2006 704394 1178967 12
14 Oropuche Oropuche Upper 2006 702534 1185310 21
15 Oropuche Turure Lower 2003 700541 1181127 27
16 Oropuche Turure Upper 2003 700643 1181210 22
17 Yara Yarra Lower 2006 680414 1194065 24
18 Yara Yarra Upper 2006 683427 1189518 11
Symbol on 
map
Site 
number
Drainage
Nº of fish 
sampled
UTP (20P)Years
sampled
CourseRiver
95 
 
movement.  Although no large waterfalls are present between the upstream and downstream sites 
in the Oropuche River these sites were separated by approximately 4.14 miles of river containing 
several smaller waterfalls.  Six of the eight rivers sampled exhibited a corresponding variation in 
predation regime, with high levels of predation found in the downstream sites and low levels in 
upstream sites.  In order to assess any temporal variance in the allele frequencies, the same 
downstream site in the Aripo River was sampled in both 2003 and 2006.  Two different sites in the 
upstream section of the Aripo were also sampled, one in 2003 and the other in 2006. The two 
upstream sites were located approximately 0.5 miles away from each other on separate forks of the 
Aripo River.  In addition to the wild fish sampled, 109 fish from the four experimental selection lines 
were also genotyped.  Where possible the F6 fish utilised in the RAD sequencing were measured at 
two time points approximately 18 months apart.  However as two measurements could not be 
obtained for all fish, these fish (F6 fish from the selection line) were included in the SNP assay in 
order to try and identify time point one (T1) measurements.  The Inclusion of these fish also allowed 
for levels of genotyping error to be assessed.  
 
The standard length (SL) of each of the wild fish was measured before they were euthanised with 
an overdose of 0.02% tricaine methanesulfonate (MS222; Pharmaq, Fordingbridge, UK) and 
preserved in 90-100% ethanol.  For all fish included in the assay DNA was extracted in Bangor 
using the salting out protocol as described by Domingues et al.  (2010) (see also Appendix V). 
  
3.3.2 Selection of SNPs to be genotyped 
The SNPs chosen for genotyping wild fish were selected according to their genomic location and 
links to body size, growth or maturation (table 3.2).  SNPs were identified from RAD sequencing on 
the laboratory selection lines (Chapter 2) and from candidate SNP identified by van Wijk (2011). 
They fall into one of three groups: (i) SNPs showing signs of selection between the large and small 
body size experimental selection lines; (ii) SNPs located in candidate genes or linked to body size 
which had previously been analysed in the experimental selection lines and (iii) SNPs which have 
not previously shown signs of selection and are therefore putatively neutral. Full details of the 
criteria used identify SNPs showing signs of selection can be found in sections 2.3 and 2.4.   
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Initial analysis identified 34 SNP outliers which 
were included in the assay.  However, following 
further analysis of the experimental selection 
lines, 15 of these SNPs were not consistently  
identified as outliers and therefore were not 
included in analysis of the wild fish. Therefore, in 
all fish assayed from the selection lines, a total of 
19 SNPs consistently showing signs of selection 
in the experimental selection lines, as identified 
with RAD sequencing, were selected.  For the 
remainder of this chapter these SNPs will be 
referred to as RAD-associated SNPs.  The initial 
study by van Wijk (2011) identified 14 SNPs 
which were either located within candidate genes 
for growth and maturation or had previously been 
identified as being linked to body size in guppies.  
Following optimisation of the SNP panel, 10 of 
these 14 SNPs were selected.  Hereafter these 
SNPs will be referred to as candidate SNPs.   
 
All SNPs identified as showing signs of selection 
from the RAD analysis which were included in the 
assay (RAD-associated SNPs) are located on the 
sex chromosome (Chr. 12).  Of the SNPs 
identified by van Wijk (2011) (candidate SNPs), 
two were located on the sex chromosome, three 
on chromosome 8 and one each on chromosome 
2, 3 and 20.  The final candidate SNP which is 
located in the nuclear receptor 5A1 steroidogenic 
factor gene (SBF1) could not be assigned a 
position on the guppy genome.   
 
In order to detect statistical outliers between the 
up and downstream populations a neutral genetic 
baseline is required.  Therefore, as well as the 
SNPs described above, 36 putatively neutral 
SNPs were genotyped in all populations.  These 
SNPs were identified as polymorphic in fish from 
the selection experiment (Section 2.4), but Table 3.2: SNPs which were successfully 
genotyped in all rivers.  * denotes a SNP which was 
monomorphic in all rivers sampled.   
SNP name Chr SNP position Type
36113 1 2,105,912 Putatively neutral
313767 1 32,997,388 Putatively neutral
70445 2 5,083,588 Putatively neutral
91693 2 37,221,334 Putatively neutral
207392 3 17,146,271 Putatively neutral
294904 3 33,486,211 Putatively neutral
220371 4 23,977,279 Putatively neutral
173592 * 5 19,813,546 Putatively neutral
124729 7 25,808,206 Putatively neutral
39628 8 10,002,874 Putatively neutral
97831 8 24,802,806 Putatively neutral
10802 9 18,715,175 Putatively neutral
183579 * 10 23,378,889 Putatively neutral
22946 12 6,729,263 Putatively neutral
58198 * 12 11,448,576 Putatively neutral
59508 12 17,841,297 Putatively neutral
60276 12 19,704,251 Putatively neutral
337518 * 12 23,777,596 Putatively neutral
148158 12 26,336,920 Putatively neutral
353804 13 15,015,299 Putatively neutral
214079 14 4,331,016 Putatively neutral
334713 15 15,934,589 Putatively neutral
291080 16 9,689,711 Putatively neutral
283548 16 17,645,471 Putatively neutral
111347 17 5,616,917 Putatively neutral
343160 17 17,202,094 Putatively neutral
330994 18 9,293,050 Putatively neutral
369214 * 19 10,098,638 Putatively neutral
150841 19 20,381,279 Putatively neutral
363926 20 6,141,039 Putatively neutral
120249 21 6,529,099 Putatively neutral
261690 23 10,906,454 Putatively neutral
20521 12 2,038,395 RAD selected 
21765 12 4,068,940 RAD selected 
22486 12 5,603,862 RAD selected 
23539 12 7,907,396 RAD selected 
57318 12 13,442,128 RAD selected 
58232 12 15,466,340 RAD selected 
58352 12 15,714,984 RAD selected 
58413 12 15,824,981 RAD selected 
59179 12 17,157,630 RAD selected 
59448 12 17,727,953 RAD selected 
108025 12 20,962,700 RAD selected 
108125 12 21,151,202 RAD selected 
108291 12 21,412,323 RAD selected 
97286 17 30,057,250 RAD selected 
Myostatin 2 45,914,011 Candidate 
TBC1 3 12,465,171 Candidate 
Prolactin_1 8 4,723,874 Candidate 
GH1 8 19,282,905 Candidate 
GH2_165 8 19,283,220 Candidate 
M009_403 12 3,584,373 Candidate 
MH30_Dreyer 12 6,071,349 Candidate 
M1046_2 20 18,281,277 Candidate 
SBF1 NA NA Candidate 
97 
 
showed no significant divergence between the large and small selected lines.  While the lack of 
divergence means these SNPs are not under selection in experimental lines we could not exclude 
the possibility that they are involved in the other traits which have been shown to vary between high 
and low predation sites. As most of the SNPs included on the assay are located on the sex 
chromosome, six of the putatively neutral SNPs we chose were also located on this chromosome.  
The remaining 30 SNPs were spread across the genome.   
 
3.3.3 SNP genotyping and evaluation 
The 512 fish were genotyped with the selected SNPs using Matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) (Sequenom, San Diego, CA, 
USA).  This technology combines the use of a single base extension followed by mass spectrometry 
detection to determine the genotype of a SNP.  After using PCR to amplify the region of interest a 
primer is annealed immediately adjacent to the SNP.  An allele-specific single base extension (SBE) 
was then run with mass-modified ddNTPs and MALDI-TOF mass spectrometry to determine the 
mass of each molecule.  The allele-specific SBE reaction means that each DNA sample will have a 
different mass, according to the allele present, thereby allowing the genotype of a sample to be 
determined (Griffin and Smith 2000).   
 
To assess the accuracy of the genotyping, datasets from the experimental selection lines obtained 
both from RAD sequencing (Chapter 2) and the Sequenom assay were compared and any SNPs 
with different alleles were identified as errors.  The error rate for 55 SNPs for all 512 individuals 
assayed was 16.47%.  However, following the removal of four SNPs with an error rate greater than 
10%, this dropped to only 3.4%.  Any individual or SNP with a missing call rate of greater than 15% 
was removed from further analysis, leaving a data set with 51 SNPs for the analysis of wild fish 
populations. 
 
3.3.4 Data analysis 
Initial examinations of the data were performed by eye in GenAlEx 6.5 (Peakall and Smouse 2006, 
2012) and GenePop 4.2 (Raymond and Rousset 1995, Rousset 2008).  Mean heterozygosity 
across all loci was calculated for all sites.  Global Fst values between upstream and downstream 
sites within a river, rivers and drainages were calculated in GenePop 4.2.  A Principal Components 
Analysis (PCA) (in full) was undertaken to visualise levels of structuring between the sampled 
populations.  Genotype notations were converted into numbers (0, 1, 2) based on the presence of 
one allele chosen at random.  For example a C/G SNP coded using the C allele would be converted 
into: G/G= 0, C/G= 1 and C/C= 2.   Eigen values and principal component scores were then 
calculated in MultiVariate Statistical Package 3.1 (MVSP) (Kovach 2007).   
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3.3.5 Detecting SNPs under selection 
Under very strong selection a SNP may deviate from Hardy Weinberg equilibrium (HWE) due to a 
bias in the number of individuals who survive to adulthood.  We therefore used GenAlEx 6.5 was 
used to calculate whether the observed allele frequencies of each SNP were in HWE for each site 
independently.  As the populations sampled could be split hierarchically, an AMOVA, implemented 
in Arlequin 3.5 (Excoffier and Lischer 2010), was used to assess the amount of variation which 
could be attributed to each level.  Assessment was made at three levels: between rivers; between 
sites within rivers and within sites.  If a SNP is under selection for body size, it would be expected 
that most of the observed variation would be attributed to differences between the sites within 
rivers.  For SNPs under selection a significant divergence would be expected between upstream 
and downstream sites within a river.  Therefore, Fst values were calculated (between upstream and 
downstream sites within each river) across: all loci; all putatively neutral SNPs; all selected 
(candidate and RAD) SNPs and each SNP individually.   
 
3.3.5.1 Outlier analysis 
In addition to the AMOVA analysis, three tests to identify Fst outliers were used because the tests 
had slight variations in their implementation of this methodology.  The first was the method 
implemented in fdist (‘fdist method’) which as discussed in Section 2.3 examines the relationship 
between the heterozygosity and Fst. It is also able to detect outliers by simulating the boundaries of 
a neutral distribution (Beaumont and Nichols 1996).  The second method used Lositan (Antao et al. 
2008) and Arlequin (Excoffier et al. 2009).  One potential problem with the ‘fdist method’ is the 
potential for outliers to inflate the simulated neutral boundaries.  To address this problem, Lositan 
runs the simulation twice:  the first time the entire data set is used to simulate the neutral distribution 
and detect outliers while the second time outliers detected in the first run are not used in the 
simulations of the neutral distribution.  As it is possible that the putatively neutral SNPs selected 
from the analysis of the experimental selection lines are not in fact neutral, using Lositan may help 
to prevent these SNPs over inflating the neutral distribution.  Lositan was run with 50,000 
simulations and a forced neutral mean Fst. Lositan uses a simple infinite island model and where 
more complex structure exists, its use could lead to false positives being identified. Consequently, 
we used Arlequin to allow the implementation of a hierarchical structure to detect outliers using 
100,000 simulations under a hierarchical island model with 10 groups of 100 demes.  For each 
pairwise comparison (upstream vs. downstream site within a river) SNPs that were monomorphic in 
both the upstream and downstream site were removed from the outlier analyses.      
 
As both Lositan and Arlequin have been shown be exhibit high type I and type II error rates, the 
third method we used was a Bayesian approach.  As discussed in Section 2.3, this technique 
examines the likelihood of two models of differentiation, one with and one without selection.  Such 
methodology was implemented in BayeScan using the default parameters (20 pilot runs of 5,000 
iterations and an additional burn in of 50,000 iterations followed by 100,000 iterations).  BayeScan 
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also calculates a q-value for each locus which is defined as the minimum FDR at which a locus may 
become significant.  For this analysis any locus with a q-value ≤ 0.05 was considered an outlier.   
 
3.3.5.2 Examination of allele frequencies 
In addition to the outlier analyses, allele frequencies of each selected SNP (candidate and RAD-
associated) were examined within each population, bootstrapped and the resulting values used to 
calculate 95% confidence intervals (Uusi-Heikkilä et al. 2015).  Although it would not be possible to 
distinguish between patterns resulting from genetic drift or selection, it is unlikely that similar 
patterns of allelic divergence in both wild populations and the experimental selection lines would 
result from genetic drift.   
 
3.3.5.3 Allelic association  
Tests for significant associations between SL and genotype were performed using the R package 
SNPassoc [R, version 3.1.1, (R development core team 2014)].  SNPs were tested in each pairwise 
comparison independently.  Each association analysis considered 5 inheritance models 
(codominant, dominant, recessive, overdominant and log-additive) and the most appropriate model 
was decided based on the lowest p-value.  Where p-values could not distinguish between models, 
the lowest Aikaike Information Criterion (AIC) was used.    
 
3.4 Results 
3.4.1 Phenotypic variation 
In six rivers sampled (including samples from both 2003 and 2006 for the Aripo River: table 3.1) fish 
from sites with a higher level of predation (downstream sites) had a significantly smaller standard 
length (SL) than fish sampled from low predation sites (upstream sites) within the same river (figure 
Figure 3.2: Mean body size of fish from upstream and downstream sites within each river.  Values within 
each bar show the number of fish successfully genotyped at each site.  *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. 
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3.2).  No significant difference in SL was observed between upstream and downstream sites for 
samples collected from the Oropuche and the Turure rivers (Mann Whitney tests: U=80 p=0.089 
and U=216 p=0.362 respectively). 
 
3.4.2 Evaluation of SNP genotyping 
Four fish from the wild populations and three from the selected lines could not be genotyped at any 
of the SNPs included on the assay, while one fish from the wild populations had 34% of genotypes 
which could not be scored and was therefore removed from further analysis.  Contamination was 
identified in a further six fish which were consequently removed from further analysis.  Three 
putatively neutral, two RAD associated SNPs and one of the candidate SNPs were not genotyped in 
any individuals.  Following removal of these 14 fish and 6 SNPs the rate of missing genotypes was 
only 0.67%.   
 
The error rate in the fish from the F6 selection lines, calculated as the percentage of genotypes 
which were not the same in both the RAD analysis and the Sequenom data set, was 3.4%.  
However as some error will result from incorrect genotypes in the RAD data set it is expected that 
the error rate for the fish from the wild populations will be lower.  Finally five SNPs which were 
monomorphic in all of the wild populations sampled were removed from further analysis.  After initial 
examination and cleaning, the data set comprised of genotypes for 28 putatively neutral (Pneu), 14 
RAD associated and 9 candidate SNPs (Psel will be used to refer to the combination of the 14 RAD 
associated and 9 candidate SNPs, i.e. those putatively under selection), in 501 individuals sampled 
from 8 rivers.  The SNPs which were successfully genotyped can be seen in table 3.2 while their 
genomic locations can be seen in appendix VI. 
 
For analysis of upstream and downstream sites within 
a river only polymorphic loci were included.   The 
average number of monomorphic SNPs per river was 
31.6% (range 4-64%) (table 3.3).  The largest number 
of monomorphic SNPs was those thought to be neutral 
(mean 20.6% per river), while RAD associated and 
candidate SNPs showed a much higher level of 
polymorphism (mean number of monomorphic SNPs 
per river 8.4% and 1.5% respectively).  Ascertainment 
bias is expected to have led to the number of SNPs in 
the Caura River population being only 4%.      
 
3.4.3 Population structure 
For analysis of population structure we excluded SNPs at the loci GH1 and Myostatin as both 
markers deviated from the expectations under Hardy Weinberg Equilibrium.    
Table 3.3: Percentage of monomorphic SNPs 
per river. 
River Total
RAD 
selected 
Candidate 
selected
Putatively 
neutral
Aripo 03 22 6 0 16
Aripo 06 30 8 0 22
Caura 4 0 0 4
Guanapo 28 6 0 22
Lopinot 12 6 0 6
Marianne 64 18 10 36
Oropuhce 50 16 2 32
Turure 32 10 2 20
Yara 42 6 2 34
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PCA and Fst values were used to investigate the structuring among and within rivers.  PCA broadly 
grouped rivers according to the geographical separation observed (figure 3.3).  One exception are 
the samples from the Turure which despite being located in the Oropuche drainage clustered with 
samples from the Caroni drainage, which has previously been identified (Willing et al. 2010).  Within 
the Caroni drainage, samples from the Aripo River from both 2003 and 2006 clustered together but 
were separate from the other rivers in the drainage where clear separation was not observed.  
 
 Global Fst values showed a high level of differentiation between all rivers (table 3.4).  When SNPs 
were separated according to whether they were putatively neutral or putatively selected, Fst values 
from Psel SNPs were significantly higher than Fst values from Pneu SNPs (Mann Whitney test: 
U=470, p= 0.045) (table 3.4, section B and C).  However this may be an artefact of the low levels of 
polymorphism observed in the Pneu SNPs (mean observed heterozygosity (Ho) in Pneu SNPs= 
0.101 ± 0.057, Ho in Psel SNPs= 0.198 ± 0.174).  Across all SNPs Fst values between rivers at 
upland sites were significantly higher than those between lowland sites (Mann Whitney test: U= 
162, p < 0.001) (appendix VII).  For all rivers samples, upstream and downstream within a river 
were more closely related to each other than to other rivers (appendix VII).   
 
Between upland and lowland sites global Fst values showed high and significant differentiation (Fst ≥ 
0.1) in the Aripo, Caura, Guanapo, Lopinot and Yara sites while differentiation was comparatively 
low (Fst ≤ 0.05), although still significant, in Marianne (table 3.5, A).  No allelic differentiation was 
detected between the upland and lowland sites in the Oropuche and Turure.  PCA utilising all SNPs 
Figure 3.3: Principal components analysis of all sites using all SNPs.  
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showed distinct clustering between upland and 
lowland sites in the Caura, Guanapo, Lopinot and 
Yara (figure 3.4).   
 
To assess the degree of divergence attributable to 
the Pneu and Psel SNPs, Fst values were calculated 
and PCA run on each set of SNPs independently.  If 
the Psel SNPs were under selection in these wild 
river populations, the divergent selection acting on 
the Psel SNPs would lead to the structure identified 
when utilising only the Psel would be more cl ear-
cut than that seen when utilising only the Pneu 
SNPs.  Fst values calculated using only Psel were 
significantly higher than those using only Pneu 
SNPs in the in the Caura and Lopinot only (U=0.0, 
p=0.034) (table 3.5, section B and C).  For the 
Guanapo, Yara and Aripo 2003 samples Fst values 
were higher when calculated using only Pneu 
SNPs, although not significantly (U=2, p=0.275), 
while values were similar for both sets in the Aripo 
2006, Marianne, Oropuche, and Turure (U=7.5, 
p=0.885).  PCA was able to separate between the 
upland and lowland sites when only utilising the Psel SNPs in two of the rivers (Caura and the 
Lopinot) (figure 3.4). 
Table 3.4: Fst values between rivers with 
upstream and downstream sites combined.  (A) All 
SNPs, (B) putatively neutral SNPs and (C)  RAD 
selected and  candidate SNPs.  All Fst values are 
highly significant (p ≤ 0.001).  Colours of the river 
names show the drainage to which they belong 
(blue=Caroni, red= Marianne, green= Oropuche 
and purple= Yara).  Colours of the values indicate 
the size of the Fst value (red= maximum and 
green= minimum). 
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Aripo 06 0.02
Caure 0.30 0.25
Guanapo 0.44 0.42 0.25
Lopinot 0.39 0.35 0.13 0.24
Marianne 0.49 0.48 0.35 0.59 0.38
Oropuche 0.45 0.41 0.25 0.51 0.32 0.43
Turure 0.41 0.39 0.21 0.05 0.21 0.54 0.46
Yara 0.32 0.28 0.15 0.40 0.29 0.32 0.28 0.35
(B)
A
ri
p
o
 0
3
A
ri
p
o
 0
6
C
au
re
G
u
an
ap
o
Lo
p
in
o
t
M
ar
ia
n
n
e
O
ro
p
u
ch
e
Tu
ru
re
Aripo 06 0.04
Caure 0.24 0.18
Guanapo 0.40 0.35 0.12
Lopinot 0.33 0.29 0.09 0.17
Marianne 0.41 0.35 0.33 0.53 0.40
Oropuche 0.38 0.32 0.27 0.46 0.32 0.45
Turure 0.33 0.29 0.09 0.04 0.16 0.45 0.41
Yara 0.35 0.27 0.15 0.39 0.25 0.18 0.34 0.33
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Aripo 06 0.10
Caure 0.32 0.28
Guanapo 0.47 0.47 0.30
Lopinot 0.41 0.38 0.15 0.27
Marianne 0.53 0.55 0.37 0.63 0.37
Oropuche 0.48 0.45 0.23 0.54 0.32 0.42
Turure 0.45 0.44 0.27 0.05 0.24 0.59 0.50
Yara 0.31 0.28 0.15 0.40 0.31 0.38 0.25 0.37
Table 3.5: Fst values between upstream and 
downstream sites across (a) all SNPs, (B) 
putatively neutral SNPs and (C) RAD selected 
and candidate SNPs.  *** p ≤ 0.001, ** p ≤ 0.01, 
* p ≤ 0.05.  Colours of the indicate the size of 
Fst value (red= maximum and green= 
minimum). 
All 
(A)
Neutral
(B)
Selected
(B)
Aripo 03 0.30*** 0.36*** 0.25***
Aripo 06 0.12*** 0.10*** 0.14***
Caura 0.25*** 0.18*** 0.29***
Guanapo 0.18*** 0.23*** 0.12***
Lopinot 0.24*** 0.17*** 0.29***
Marianne 0.06** 0.06** 0.04**
Oropuhce 0.01 0.01 0.00
Turure 0.01 0.00 0.02*
Yara 0.22*** 0.53*** 0.30***
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Figure 3.4: Principal components analysis of upstream and downstream site within each river (X= PC1 and 
Y= PC2).  (A) all SNPs genotyped, (B) putatively neutral SNPs, (C) RAD selected and candidate SNPs.  
Percentage of variation accounted by each PC for each analysis can be seen in appendix XII. 
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Figure 3.4: Continued 
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Upper Aripo 03
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Upper Lopinot
Upper Marianne
Upper Oropuche
Upper Turure
Upper Yara
Table 3.6: Deviations from Hardy Weinberg equilibrium.  Grey boxes denote an significant p value (p ≤ 0.01). 
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 Figure 3.6: Expected and observed levels of heterozygosity for the 50 polymorphic SNPs successfully 
genotyped.  R-S = RAD selected SNPs, C-S= Candidate SNPs.   
Figure 3.5: Mean observed heterozygosity across all SNPs in the upstream and downstream sites within 
each river. *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. 
O
b
s
e
rv
e
d
 h
e
te
ro
z
y
g
o
s
it
y
 
 107  
 
3.4.4 Genetic diversity 
Genetic diversity was low overall, with a mean expected heterozygosity (He) across all sites of only 
0.120 (range 0.028-0.242).  Although there was an overall trend for higher He in the lowland sites,   
these differences were only significant in 6 of the 9 pairs of sites sampled (figure 3.5).  The one 
exception was observed in the Marianne where He in the upland site was higher: however, this 
difference was not significant and the number of polymorphic SNPs successfully genotyped in the 
Marianne was low.   
 
Analysis of HWE did not identify any deviations from HWE at the population level (table 3.6).  At the 
locus level, two loci consistently deviated from HWE (GH1 and Myostatin).  For both SNPs the 
deviation from HWE was caused by a deficit of heterozygotes.  Deviation from HWE could be an 
indicator of strong selection so both markers were included in any analysis aimed at identifying 
selection.   
 
3.4.5 Identifying SNPs under selection  
To detect SNPs showing signs of selection in the rivers sampled a range of different techniques 
were used.   
 
3.4.5.1 Hardy Weinberg Equilibrium 
As previously mentioned, a SNP under strong selection may deviate from HWE.  For example, if 
selection was sufficiently strong that only fish with allele X at SNP 1 could survive to adulthood, then 
by the time of sampling the allele frequencies of SNP 1 would not be in HWE.  Only two of the 
SNPs examined exhibited significant and consistent deviations from HWE (Myostatin and GH1).  
Although the difference between expected and observed heterozygosity were not significant for 
either, a deficit of heterozygotes was observed for both SNPs (figure 3.6).  Deviations from HWE 
were observed in other SNPs however these were not consistent across sites (table 3.6).    
 
3.4.5.2 Fst values 
Individual locus Fst values were high between upland and lowland sites with an average of 40% (± 
23%) of polymorphic SNPs exhibiting significant levels of divergence (P ≤ 0.05) (table 3.7) and 18% 
(± 17%) exhibiting highly significant differentiation (P ≤ 0.001).  However, as can be seen by the 
global Fst values (table 3.5), high levels of genetic differentiation were present in both putatively 
neutral and selected SNPs.    
 
SNPs associated with body size should exhibit an elevated Fst in rivers only with a corresponding 
difference in SL.  Considering only the rivers with significant differences in SL, ten SNPs 
consistently had a significant Fst (p ≤ 0.05 in 5 out of 7 comparisons), however, five of these were 
putatively neutral SNPs.  High and significant levels of differentiation were consistently observed in 
some of the putatively neutral SNPs, for example 313767 and 39628 (table 3.7). While these SNPs  
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Table 3.7: Individual loci Fst values between upstream and downstream sites within a river.  Blank cells 
denote a SNP which is monomorphic in the respective river pair.  Red cells denote very highly significant F st 
(P ≤ 0.001), amber cells denote highly significant Fst (P ≤ 0.01), green cells denote significant Fst (P ≤ 0.05) and 
grey cells denote an insignificant Fst.    
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36113 N                   0 
313767 N                   33 
70445 N                   0 
91693 N                   16 
Myostatin C-S                   5 
TBC1 C-S                   19 
207392 N                   11 
294904 N                   9 
220371 N                   11 
124729 N                   37 
Prolactin_1 C-S                   12 
39628 N                   13 
GH1 C-S                   9 
GH2_165 C-S                   11 
97831 N                   7 
10802 N                   15 
20521 R-S                   17 
M9_403 C-S                   12 
21765 R-S                   31 
22486 R-S                   20 
MH30_Dreyer C-S                   16 
22946 N                   -1 
23539 R-S                   15 
57318 R-S                   0 
58232 R-S                   3 
58352 R-S                   21 
58413 R-S                   15 
59179 R-S                   14 
59448 R-S                   41 
59508 N                   0 
60276 N                   -1 
108025 R-S                   18 
108125 R-S                   15 
108291 R-S                   9 
148158 N                   5 
353804 N                   15 
214079 N                   5 
334713 N                   7 
291080 N                   22 
283548 N                   11 
111347 N                   -1 
343160 N                   3 
97286 R-S                   24 
330994 N                   4 
150841 N                   0 
363926 N                   -1 
M1046_2 C-S                   6 
120249 N                   0 
261690 N                   3 
SBF1 C-S                   7 
Table 3.8: Outlying SNPs as identified by Lositan 
and Arlequin and genetic variation attributable to 
variation between rivers within sites from a 
hierarchical AMOVA analysis.  Blue boxes mark an 
significant outlier (p ≤ 0.01) in Lositan only.  Green 
boxes mark an significant outlier (p ≤ 0.01) in 
Arelquin only.  Red boxes mark an significant outlier 
(p ≤ 0.01) in both Lositan and Arelquin. 
 
were not under selection in the experimental lines 
studied, it is possible that they are influenced by 
selection in the wild populations.     
 
3.4.5.3 Fst outlier analysis: Lositan 
Lositan identified 32 SNPs outlier SNPs (p≤0.05) 
in at least one comparison of upland and lowland 
sites within a river (Table 3.8).  The largest 
number of outliers was found in the Lopinot and 
Caura, (13 and 12 SNPs respectively).  More 
than half (8 in each river) of the outliers in these 
two rivers were putatively neutral.  Seven SNPs 
were outliers in the Aripo 2003 samples, while the 
number of outlying SNPs was much lower in the 
following rivers; Aripo 2006, Guanapo, Oropuche, 
Turure and Yara (mean = 2.4).  Lositan did not 
detect any outliers in the Marianne (table 3.8).  
Across all the rivers sampled, no SNP was 
consistently identified as an outlier (one SNP was 
identified as an  
outlier in 4 comparisons and 9 were identified as 
an outlier in 2 comparisons).  A full table showing 
observed He, Fst and p values obtained from 
Lositan can be found in appendix VIII. 
 
3.4.5.4 Fst outlier analysis: Arlequin 
The Fdist approach, as implemented in Arlequin, 
identified 11 SNPs which were outliers, however 
none of these was an outlier in more than one 
pairwise comparison (upstream vs. downstream 
site within a river).  The largest number of outliers 
identified by Arlequin was in the Oropuche (6) 
while no outliers were found in the Caura, 
Lopinot, Marianne and Yara comparisons.  The 
mean number of outliers found in the remaining 
rivers (Aripo 2003, Aripo 2006, Guanapo, and 
Turure) was only 1.3.   A full table showing 
observed He, Fst and p values obtained from 
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Arlequin can be found in appendix IX. 
 
3.4.5.5 Fst outlier analysis: BayeScan 
The Bayesian analysis, implemented in BayeScan, did not identify any outliers (Q ≤ 0.05) in any of 
the rivers studied, with the lowest Q value observed being 0.8. A full table showing the posterior 
probability, logarithm of posterior odds alpha, Fst and Q values obtained from BayeScan can be 
found in appendix X.   
 
3.4.5.6 AMOVA 
Based on a hierarchical AMOVA, the majority of the genetic variability observed could be attributed 
to ‘within site’ variation for 42 of the 50 SNPs and variation ‘between rivers’ for the remaining 8 
SNPs (table 3.8).  Although the majority of variability observed was thus not attributable to variation 
between sites within a river in any SNP, such variation accounted for at least 20% of the total 
variation in 4 selected and 4 putatively neutral SNPs.   
 
Negative variance components were observed in 6 SNPs at the ‘between rivers’ level and 8 SNPs 
at the ‘between sites within rivers’ level (table 3.8 and appendix XI).  For SNPs where the negative 
value was attributable to variation ‘between sites within rivers’, the accompanying p values were not 
significant and therefore indicate a lack of structure at this level for these SNPs.  Values which are 
significantly negative imply that an allele is more related between populations than within them 
(Weir and Cockerham 1984, Weir 1996).  The negative values which were attributed to variation 
‘between rivers’ were significant and, therefore, these values indicate that these SNPs were more 
similar between different rivers than within sites from the same river.   
 
3.4.5.7 Allele frequency changes  
Figure 3.7 shows the patterns of allele frequencies in the upland and lowland sites for each river as 
well as those SNPs which showed a significant allelic association with SL.  Analysis of the allele 
frequency confidence intervals did not show consistent variation between upland and lowland sites 
in the rivers sampled for any of the selected SNPs studied.  Such a lack of consistency indicates 
that none of the SNPs examined are under selection for body size in the rivers sampled here.   
 
Allele frequency confidence intervals in the SNP Prolactin showed a similar pattern across 5 of the 
7 rivers where it was polymorphic, and very low levels of polymorphism in the remaining two (figure 
3.7).  At the Prolactin SNP the pattern of allelic variation observed between rivers was also very 
similar to the pattern of variation observed in the selection lines.  While some of the remaining 
SNPs showed similar patterns of allelic variation between the selection lines and upland and 
lowland sites within rivers, this pattern was found in no more than 3 of the 9 pairs of sites for any 
given SNP (for example 23539 and 21765).   
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Figure 3.7: Allele frequency confidence intervals from upstream and downstream sites within each river 
and the experimental selection lines.  In the river sites blue lines show the values for the upstream sites 
where the fish are typically larger while red lines show the downstream sites where the fish are typically 
smaller.  In the experimental selection lines blue show the large selected lines (L1 and L2) and red show 
the small selected lines (S1 and S2).  
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Figure 3.7: Continued 
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Figure 3.7: Continued 
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Figure 3.7: Continued 
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Table 3.9: SNPs showing an association with SL.  Only values where the association is significant are 
shown.  Inheritance models are : CD= codominant; D= Dominant; OD= overdominant; R= recessive LA= log 
additive.  No significant associations were found in the Oropuche. 
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3.4.5.8 Association analysis 
A significant allelic association with male SL was found in 21 of the 23 Psel SNPs, however, no 
patterns observed were consistent across rivers.  Significant associations between SL and SNP 
genotypes were observed in at least one pairwise comparison for 21 of the 23 Psel SNPs (table 
3.9).  In the Aripo 2003, Caura and Lopinot the number of SNPs exhibiting a significant association 
was high (mean= 13.33).  No significant associations were found in the Oropuche and only one in 
the Turure.  In the remaining comparisons (Aripo 2006, Guanapo, Marianne and Yara) an average 
of 5 significant associations were found.  
 
When considering consistency between rivers four SNPs showed a significant association with SL 
in at least 5 of the pairwise comparisons and global analysis of all rivers.  Dominance of the T allele 
was observed for the TBC1 SNP in 5 of the pairwise comparisons and the global analysis.  In these 
5 rivers (Aripo 2003, Guanapo, Lopinot, Turure and Yara) the T allele was associated with large 
body size however, in the Caura, where a significant log-additive association was observed, this  
allele was associated with small body size.  Although significant associations were also observed 
for SNPs 20521, 23539 and MH30_Dreyer in 5 pairwise comparisons the allele associated with size 
differed between rivers making it unlikely that the these alleles are linked to body size (table 3.9).    
 
3.4.6 Signs of selection across all analyses 
Both Arlequin and Lositan have been shown to have high type II error rates (Narum and Hess 2011, 
Vilas et al. 2012) and therefore SNPs identified as outliers in only one of these analyses are not 
considered to be under selection in this study.  Only four SNPs were identified as outliers by both 
Arlequin and Lositan (two each in the Oropuche and Turure) but only in one pairwise comparison 
each.  Two of these SNPs were putatively neutral (291080 and 283548), one was a candidate SNP 
(GH2_165) and one was a RAD associated SNP (59179).   
 
The Prolactin SNP, which was identified as under selection in the experimental selection lines, was 
also identified as an outlier in the Aripo 2003, Caura and Lopinot by Lositan and in the Oropuche by 
Arlequin.  The pattern of allele frequencies in these 4 rivers was consistent and the same as the 
pattern of allele frequency difference observed between experimental lines.  Despite this, a 
significant allelic association with SL was only observed in three of the rivers sampled for this SNP.   
 
Across both the analyses and the rivers sampled in our study no SNP showed consistent signs of 
selection for body size.  The possible reasons for this will be discussed in section 3.5.3.   
 
3.5 Discussion 
In this study, the patterns of selection on body size and the nature of genetic change observed in 
SNPs in the experimental lines from Chapter 2 were compared to those observed in wild 
populations.  A total of 50 SNPs were successfully genotyped in fish from eighteen sites comprised 
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of at least one upstream and downstream population in each of eight rivers located in Northern 
Trinidad.  In agreement with predictions (Reznick et al. 1996; Reznick 1987; Reznick & Endler 
1982; Willing et al.  2010), our study found that adult males were significantly smaller in upstream 
sites compared to downstream sites in the Aripo (in both 2003 and 2006), Caura, Guanapo, 
Lopinot, Marianne and Yara rivers.  However, males did not differ in body size between upstream 
and downstream sites of the Oropuche and Turure rivers.  The patterns of genetic variation 
observed correlated with the geographic regions (Shaw et al. 1991): levels of genetic diversity were 
found to be higher in downstream than in upstream sites in all rivers with the exception of the 
Turure.  However, despite the significant phenotypic differences observed, we identified no 
consistent signs of selection for body size in any of the SNPs studied here.   
 
This section will begin with a discussion of the phenotypic differences observed in guppies from the 
rivers sampled.  In order to provide an indication of the reliability of the data we will then discuss the 
similarities between our data and previous studies before finally offering reasons as to why no 
consistent signs of selection were detected in fish genotyped from the wild at RAD-associated 
SNPs.   
 
3.5.1 Phenotypic variation 
Guppies in populations located in upstream and downstream sites within the same river have been 
shown to exhibit variation in a wide range of phenotypic traits.  In our study we identified significant 
variation in body size in six of the eight rivers sampled.  All targeted rivers in which a significant 
difference in SL was identified also exhibited predicted differences in predation regime, with high 
levels of predation found in lowland sites and low levels of predation in upland sites.  The difference 
in body size between the large and small selection lines (mean = 1.97mm) was comparable to the 
size differences in the rivers which exhibited a significant difference (mean = 1.86mm).  The 
similarity between the phenotypes observed in the wild and in our selection experiment provided a 
potentially insightful opportunity to assess the SNPs showing signs of selection in the experimental 
lines with fish from wild populations.       
 
In the Turure and Oropuche samples no significant difference in body size was observed.  Although 
Croft & Krause (2004) did find variation in body size between upland and lowland sites in the 
Turure, they also reported a corresponding difference in predation regime.  In the two rivers for 
which no difference in SL was found in our study, no such variation in predation regime existed.   In 
fact, high levels of predation were found in all sites sampled in both of these rivers in our study 
(Ryan S. Mohammed personal communication).  The presence of sites, both with and without a 
difference in SL, would have helped to distinguish between the effects of genetic drift and selection 
if any signs of selection had been detected.   
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3.5.2: Population structure 
3.5.2.1 Genetic structure between rivers 
As previously found (Carvalho et al. 1991, Shaw et al. 1991, Alexander et al. 2006, Barson et al. 
2009, Suk and Neff 2009, Willing et al. 2010, Fraser et al. 2014), the majority of samples from 
different rivers clustered according to drainage basin of origin. The one exception to this was the 
Turure River which clustered with samples in the Caroni drainage (figure 3.4).  While the Turure is 
located within the Oropuche drainage, guppies from a high predation site in the Guanapo River 
(located in the Caroni drainage) were translocated in 1957 to a guppy free site in upstream Turure.  
Guppies sampled from the upstream Turure site in this study are known to be the descendants of 
the fish translocated from the Guanapo (C. van Oosterhout personal communication). Since the 
initial introduction, the translocated fish have largely replaced the native population in the 
downstream sites as well (Shaw et al. 1991, Becher and Magurran 2000, Suk and Neff 2009).  The 
initial introduction and subsequent migration of these fish explains why the Turure samples 
clustered in the Caroni drainage instead of Oropuche drainage. 
 
The clustering seen with the PCA was not as clearly defined as previously found in an analysis 
based on ~1000 SNPs (Willing et al. 2010).  However, concordance of the observed structure 
between our data and previous studies (Carvalho et al. 1991, Shaw et al. 1991, Alexander et al. 
2006, Barson et al. 2009, Suk and Neff 2009, Willing et al. 2010, Fraser et al. 2014) suggest that a 
lack of clear differentiation is a result of the smaller numbers of polymorphic SNPs employed here.  
Although genetic structuring between rivers was not as clearly defined with PCA, Fst values between 
the rivers were high and similar to those found in other studies (Carvalho et al. 1991, Shaw et al. 
1991, Barson et al. 2009, Suk and Neff 2009, Willing et al. 2010, Fraser et al. 2014).  
  
3.5.2.2 Genetic structure within rivers 
Several previous studies have highlighted the substantial differentiation which exists between sites 
located along the same river (Carvalho et al. 1991, Shaw et al. 1991, Crispo et al. 2006, Barson et 
al. 2009, Suk and Neff 2009, Willing et al. 2010, Fraser et al. 2014).  Waterfalls, which can be found 
in most of the rivers in Trinidad, limit migration and gene flow between upstream and downstream 
sites (Crispo et al. 2006, Barson et al. 2009, Fraser et al. 2014).  These waterfalls also mean that 
any gene flow which does take place, primarily occurs from upstream to downstream sites with very 
little gene flow in the opposite direction (Crispo et al. 2006, Barson et al. 2009, Fraser et al. 2014). 
Each of the rivers in Trinidad contains multiple upstream sites located in tributaries feeding into the 
main river.  Due to the mountainous geography of the island, these sites are often isolated from 
each other and genetically differentiated (Barson et al. 2009).  As the tributaries feed into the main 
river, gene flow from these isolated populations feeds into fewer downstream populations. Such 
typically unidirectional gene flow from multiple upstream populations into fewer downstream 
populations creates downstream populations which exhibit higher levels of diversity.  Furthermore, 
stochastic forces such as founder effects decrease the diversity in upstream populations.  Seasonal 
flash flooding which has been shown to decrease guppy biomass significantly (Grether et al. 2001) 
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might exacerbate founder effects.  These flooding events could increase migration from upstream to 
downstream sites but might also allow for active upstream migration (Barson et al. 2009).   
 
In our study the expected pattern of reduced diversity in upland sites was observed in the majority 
of the rivers sampled.  As an exception, in the Marianne, diversity was higher in the upstream site.   
However only 18 of the SNPs genotyped in this river were polymorphic (minor allele frequency 
(MAF) > 0), and four of these only had a MAF ≤ 0.01.  Previously Crispo et al.  (2006) undertook an 
in depth study of 20 sites along the Marianne and, found He to be significantly higher in 
downstream sites than in upstream sites.  Similar pattern of diversity in the Marianne has also been 
found in other studies (Crispo et al. 2006, Willing et al. 2010).  The findings of these studies suggest 
that the inconsistent pattern of He observed in our study is likely to be a result of the low number of 
polymorphic SNPs and is not a true representation of the diversity present in sites in the Marianne.   
 
As discussed above, one of the reasons for the increased level of diversity in the downstream sites 
was the mixing of fish from several genetically diverse upstream populations which could potentially 
cause a Wahlund effect within the downstream populations.  Fst can ultimately be described as a 
measure of the drop in heterozygosity in a sub-population relative to the total population as a result 
of genetic drift.  Therefore, if observed heterozygosity is less than expected heterozygosity in the 
downstream populations as a consequence of the Wahlund effect, the calculations of the Fst 
between each upstream/downstream site could be inflated.  As the outlier analysis utilised in the 
current project focuses on detecting SNPs with unexpectedly high Fst values, the Wahlund effect 
might have led to SNPs being falsely identified as showing signs of selection.  However, it would 
also be expected that if the Wahlund effect was present in the downstream sites the SNPs would be 
out of HWE in these populations. 
 
As well as significant variation in the levels of genetic diversity between upstream and downstream 
sites we also observed high Fst values between sites within a river in five of the eight rivers studied.  
In three of the eight rivers (Marianne, Oropuche and Turure), Fst values showed low levels of 
divergence between upstream and downstream sites.  Although the divergence in the Marianne 
was low in comparison with the other rivers sampled, the Fst of 0.06 was significant.  Once again, 
previous studies (Crispo et al. 2006, Willing et al. 2010) have found much higher levels of 
divergence between sites in the Marianne than we observed and it is therefore likely that the Fst 
value found here is an underestimation of the true genetic differentiation.  The Fst values obtained 
for the Turure and Oropuche showed no differentiation between the sites within these rivers.  
Similar values were found in previous studies (Suk and Neff 2009, Willing et al. 2010, Fraser et al. 
2014) and our values are therefore likely to be a good representation of the true differentiation 
present.   
 
The large genetic differentiation between upland and lowland sites is primarily driven by the large 
waterfalls which limit gene flow though, in the Marianne, geographic distance has also been found 
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to reduce dispersal (Crispo et al. 2006).  The sites sampled in the Oropuche in the study presented 
here were not separated by large waterfalls but the geographic distance between them was 
substantial (4.14 miles).  The lack of genetic differentiation between the upland and lowland sites on 
the Oropuche therefore suggests that geographic distance does not limit gene flow between these 
sites.   
 
The two Turure sites sampled in the study presented here are separated by a drop of approximately 
1 m over a series of small waterfalls spread across a 300 m section of river (R. Mohammed 
personal communication).  As these sites are the result of an introduction, the time span in which 
divergence has taken place in much shorter than any of the other sites within the rivers.  The lack of 
genetic divergence observed between these sites is therefore likely to be the result of a combination 
of close proximity of the sites and the recent timing of the divergence.   
 
Analyses of more than one upstream site within the Aripo highlight the importance of confirming the 
results obtained across multiple sites within a river.  The level of genetic divergence observed 
between the samples collected from the downstream Aripo site in 2003 and 2006 were very low, 
which suggests that temporal variation between sites is likely to be low.  However, in the 2003 
sampling, the differentiation between the upstream and downstream sites was higher than in the 
2006 sampling (a different upstream site and the same downstream site).  These results suggest 
that variation in the pair of sites sampled in 2003 and the pair of sites sampled in 2006 is caused by 
variation in the upstream sites rather than the time span between samples. Indeed, large temporal 
genetic variation has been found in guppies of the Aripo River by previous workers studying 
immune genes of the MHC (Major Histocompatibility Complex). These genes are known to be under 
strong selection (van Oosterhout et al. 2006, Llaurens et al. 2012), and computer simulations 
indicate that temporal genetic divergence can significantly exceed spatial divergence under some 
scenarios of selection (McMullan and Van Oosterhout 2012). 
 
Analysis of the population structure, both between and within rivers, although not the main aim of 
this study, offers the opportunity to assess the accuracy of the data set.  Results from the Marianne 
River suggest that the number of SNPs genotyped in this river does not give a true representation 
of the genetic variation present.  However, with the exception of the Marianne, the concordance 
between our study and previous work provides a high level of confidence and allows us to examine 
the potential reasons for an apparent lack of selection at target loci.       
 
3.5.3: Detecting SNPs under selection 
Although 17 of the SNPs examined here were found to show consistent signs of selection in 
experimental lines which had been selected for body size (van Wijk 2011a), there was no clear 
trend of such associations with body size in the wild populations studied.  The potential reasons for 
this, which include both limitations of study design and underlying biological factors, are now 
considered.    
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3.5.3.1 Experimental design 
All Fst outlier analyses used to detect signs of selection rely on the principle that loci under 
diversifying selection should exhibit larger divergence (Fst) between populations than neutral loci 
(Lewontin and Krakauer 1973).  Thus, a number of neutral markers are required to estimate the 
neutral levels of divergence and allow loci under selection to be detected.  In our study of wild fish, 
we successfully genotyped 27 polymorphic SNPs exhibiting very low Fst values in the experimental 
selection lines studied in Chapter 2. The low divergence exhibited by these SNPs in the 
experimental lines shows that they were not under selection for body size, and were subsequently 
classified as putatively neutral.  However, on average, half of the putatively neutral SNPs in any 
river exhibited intermediate levels of divergence (Fst ≥ 0.05), while 10% exhibited very high levels of 
divergence (Fst ≥ 0.25).  This high level of divergence in our putatively neutral SNPs resulted in the 
neutral simulated Fst being high, making it difficult to detect SNPs with high levels of divergence as 
a result of selection.  Essentially, if the mean dataset Fst is high, the Fst of the simulated neutral 
distribution will also be high.  SNPs with a high Fst as a result of divergent selection will therefore fall 
within the neutral distribution and will not be detected as outliers. In other words, random genetic 
drift has inflated the level of genetic differentiation of the putatively neutral SNPs, and hence, that 
signal of diversifying selection in the putative selective SNPs may be overshadowed by the effects 
of drift, making selection difficult to detect.  
 
The high levels of divergence observed in our putatively neutral loci between upland and lowland 
populations in the wild suggests that some of them were not neutral.  Guppy populations, which 
experience different levels of predation, are known to differ in a wide range of traits, not just body 
size, and it is possible that the putatively neutral SNPs are actually under selection for other traits.  
However, studies using a number of markers have found considerable divergence between upland 
and lowland populations in these rivers which is mainly driven by genetic drift and not selection 
(Crispo et al. 2006, Willing et al. 2010).  Therefore the divergence observed in the putatively neutral 
SNPs is most likely to be a result of genetic drift rather than selection.   
 
The inflated neutral Fst as a result of divergence caused by genetic drift rather than selection will 
also be exacerbated by the polygenic nature of body size.  The van Wijk et al.  (2013) experiment 
exposed fish to very strong selection for only three generations.  The contribution of an allele under 
strong selection over a short time frame will be influenced by its frequency in the founder population 
(Falconer and Mackay 1966, Illingworth and Bird 2009, Nosil 2012).  For example, an allele with a 
large effect, which only occurs at low frequency in the founder population, will not contribute much 
to the selective response, whereas a modest effect SNP, which occurs at an intermediate frequency 
in the founder population, will result in a large selective response.  Therefore SNPs identified as 
being under selection in the van Wijk et al.  (2013) experiment may actually only be small effect loci 
which occurred at an intermediate frequency in the founder population.   When a high level of 
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genetic drift and a large number of small effect loci are combined, it will be difficult to detect real 
signs of selection at a SNP.   
 
3.5.3.2 Reduced recombination 
The strength and timing of the selection imposed on the experimental lines compared with the wild 
populations will also have resulted in variation in the level of linkage between the causal variant and 
the SNP being studied i.e. not all causal variants and physically linked SNPs will necessarily be in 
high statistical linkage (Smit-Mcbride et al. 1988).  In our selection experiment, a SNP in linkage 
with the variant under selection at the start of the study will still be in linkage with it three 
generations later.  However, in the wild populations where selection has been underway for much 
longer, recombination between causal variants and SNPs under study may have reduced the 
association between the two (Falconer and Mackay 1966, Lynch and Walsh 1998).  The SNPs 
studied here may have been in linkage with the causal variant in the experimental selection lines 
but not in the wild populations.  Fraser et al.  (2014) looked for signs of selection across the 
genomes of both wild and translocated guppy populations and found higher linkage disequilibrium in 
outlier regions than non-outlier regions for translocated populations but not for wild populations.  
The linkage disequilibrium decay in wild populations will add to the difficulties in detecting the 
causal variant for body size and may explain why SNPs that show signs of selection in our 
experimental lines show no signs of selection in the wild populations.   
 
3.5.3.3 Convergent evolution 
One further possibility for the lack of consistent signs of selection across the rivers sampled here 
may arise from variation in body size arising from river-specific gene-phenotype associations. 
Convergent evolution, which here refers to phenotypic traits which have evolved independently in 
multiple environments or lineages, can be seen both within (mouth morphology in cichlids: Muschick 
et al.  2012, limb morphology in Anolis lizards: Losos 2009 and temperature tolerance in Drosophila 
melanogaster: Schluter 2000) and across a wide range of species (for example echolocation in 
mammals: Parker et al.  2013 and wing pattern mimicry in butterflies: Reed et al.  2011).  However, 
despite its prevalence, we know relatively little about whether the genetic mechanisms underpinning 
these traits are also similar. Changes in the same amino acid have been found to mediate a 
convergent phenotype (Stewart et al. 1987, Hoekstra et al. 2006, Wierer et al. 2012).  These 
examples however, are rare and it has been suggested that the genetic mechanisms underpinning 
these traits are often not the same (Foote et al. 2015).   Further, theoretical studies have confirmed 
that convergent evolution is less likely to occur in polygenic traits such as body size than those 
underpinned by few genetic mechanisms (Orr 2005).   
 
Recently a study used RAD sequencing to examine phenotypic convergent evolution in wild and 
translocated populations of guppy (Fraser et al. 2014).  Despite the large number of genome-wide 
loci considered, the regions of the genome identified as under selection were not consistent across 
wild populations.  One suggestion proposed by the authors for the absence of genetic convergence 
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was that different loci are under selection in different populations.  Life history traits such as body 
size are polygenic, and often determined by many loci;  for example height in humans can 
influenced by nearly 300,000 SNPs (Yang et al. 2010).  There are therefore a huge number of 
genetic pathways which could lead to the same phenotype.  The absence of consistent signs of 
selection in our study offers further support to the hypothesis that genetic convergent evolution in 
guppy populations is not found because the genes which mediate traits such as body size likely 
differ across populations. Furthermore, the absence of signs of selection in the study by Fraser et 
al. 2014 suggests that it is unlikely that the low density of SNPs contributed to the absence of 
consistent signs of selection in our study.   
 
3.5.3.4 Pleiotropy 
Pleiotropy is the phenomenon where one locus controls multiple apparently unrelated phenotypic 
traits (Stearns 2010).  Although examples of pleiotropy can be seen in a number of species (Pisum 
sativum: Mendel 1866, vestigial gene in Drosophila melanogaster: Miglani 2002, frizzle gene in 
Gallus gallus domesticus: Landauer and Upham 1936, phenylketonuria gene in humans: Paul 
2000),  it can be difficult to differentiate the true pleiotropy and the effect of two or more separate 
loci which are closely linked (Flint and and Mackay 2009).  In guppies pleiotropy may be 
responsible for females preference for males with larger orange spots (Rodd et al. 2002) and a link 
between male brain size and a range of sexual traits (Kotrschal et al. 2015).  Furthermore it has 
been suggested that antagonistic pleiotropy, where the pleiotropic allele is beneficial for one trait but 
deleterious for another, occurs in Y-linked loci responsible for both male ornamentation and 
survivability (Brooks 2000, Bolstad et al. 2012).  It is therefore possible that the lack of SNPs 
showing consistent signs of selection in the current study is due to the loci responsible for body size 
being pleiotropic.  Such pleiotropy at these loci could result in these loci being under varying 
selection pressure in the different rivers despite the consistent differences in predation regime.   
 
3.5.3.5 Heterosis 
When considering the potential genetic mechanisms which can determine body size and the effect 
these might have had on the results of our study, it is also important to consider heterosis.  
Sometimes known as hybrid vigour, heterosis describes the improved performance of hybrid, and 
therefore heterozygous, offspring relative to their homozygous parents (Birchler et al. 2003). The 
two main theories which have been proposed to explain heterosis are dominance and 
overdominance (Birchler et al. 2010).  The dominance hypothesis states that the increased vigour of 
the hybrid is due to the masking of recessive alleles by superior dominant alleles (Davenport 1908, 
Bruce 1910, Jones 1917).  Under the dominance scenario, homozygosity for the superior allele 
would result in the same phenotype as the hybrid.  The overdominance hypothesis attributes 
heterosis to heterozygote advantage per se, that is when the heterozygote is superior to 
homozygotes of either allele (East 1908, Shull 1908).  The classic example of heterosis due to 
overdominance can be seen in sickle cell anaemia whereby heterozygosity for the recessive sickle 
allele will give the individual immunity from malaria without them suffering from sickle cell anaemia.   
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Size is a one of the most common phenotypes to be effected by heterosis, with hybrid offspring 
being larger than their parent (Gama et al. n.d., Drabo et al. 1984, Gjerde and Refstie 1984, 
Hedgecock et al. 1995, Bryden et al. 2004, Meyer et al. 2010, Groszmann et al. 2014).  If the large 
body size found in the upstream populations was underpinned by overdominance heterosis it is 
possible that the outlier analysis utilised would not detect it.  For example, if large body size was 
solely the result of heterozygote advantage it would be possible that the allele frequencies in the 
upstream and downstream sites would be the same, but that the proportion of heterozygotes was 
much higher in the upstream site.  Under this scenario the Fst between the two would be low despite 
the marked difference in their genetic composition.  Although heterosis has not been widely 
examined in wild populations of the guppy, studies which have considered its effect on body size 
have found it to be minimal (Nakadate et al. 2003, Shikano and Taniguchi 2003).   
 
3.5.4: Comparing results with a previous study 
Of the nine candidate SNPs analysed three (M30_Dreyer, Prolactin and M9_403) had previously 
shown consistent signs of selection in the experimental selection lines (van Wijk 2011a).  van Wijk 
(2011) found consistent signs of selection and patterns of allelic variation between the large and 
small selection lines in the M30_Dreyer SNP: however, this pattern was not observed in our 
analysis of wild fish (figure 3.7).  
 
Although it is possible that this is a result of genotyping error in our data set, the high level of 
concordance between genotypes obtained from RAD sequencing and the Sequenom assay 
(96.6%) make it unlikely that this is an assay-wide problem.  It could, however, be the result of a 
SNP-specific genotyping error.  One further explanation is that the genotypes in both studies could 
be correct.  In such case as the fish genotyped in here were not the same as the fish genotyped by 
van Wijk (2011), the signs of selection identified by van Wijk (2011) may not be as consistent as 
was first thought. 
 
3.5.5: Concluding remarks 
Using selection experiments to identify candidate genes for investigation of wild populations has 
been used successfully to identify the genetic mechanisms underpinning trait variance (Aranzana, 
Kim, Zhao, Bakker, et al. 2005, Turner et al. 2005, Jones et al. 2008, Orsini et al. 2012, Ariey et al. 
2014).  However, using this technique, we were unable to identify consistent signs of selection in 
any SNPs identified from RAD analysis of size-selected guppy lines (Van Wijk et al.  2013).  Several 
possibilities for such observations are proposed, and it is likely that all, to varying degrees have 
contributed.  The results from this chapter and other recent work (Fraser et al. 2014) suggest that 
detecting genetic variants associated with body size in wild populations of guppies is likely to be 
challenging.  In order to detect such associations in wild populations, comparison recently diverged 
translocations, where linkage between the causal variant and nearby variation is tighter, may be  
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especially insightful, as well as techniques which are able to detect small effect loci (Bourret et al. 
2014, Brieuc et al. 2015).
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Chapter 4: Epigenetic changes following a size selection experiment 
4.1 Abstract 
The previous two chapters of the thesis have examined the genetic change underpinning variation 
in life history traits observed in guppies.  However, where evolution is rapid, epigenetic change has 
also been found to drive major shifts in life history.  To assess the contribution of epigenetics to the 
shifts in life history traits observed by van Wijk (2011), the following chapter examines the patterns 
of DNA methylation in fish from the selection experiment.  Using methylation sensitive AFLP 
analysis, DNA methylation was examined in four tissues from fish in the four selection lines (F6 
generation) and two tissues in the fish from the pre-selection (F2 generation).  Patterns of DNA 
methylation varied significantly between tissue types.  When all of the 91 loci analysed were 
considered, no variation in the level of methylation between the selection lines was detected.  The 
level of DNA methylation across all loci increased during the course of the selection experiment, 
however this increase was the same across all four selection lines.  When the loci were examined 
individually, only one showed significant variation between the selection lines.  Given the complexity 
of the traits being examined, it is unlikely that DNA methylation has not contributed to the variation 
observed.  However, given the results described here, the shifts in life history traits observed by van 
Wijk (2011) are thought to primarily be the result of genetic change rather than epigenetic change.    
 
4.2 Introduction 
Evolutionary change is typically considered to occur slowly over many millions of years. However, it 
can also occur rapidly, with species evolving and adapting to their environment over tens of 
generations (and sometimes less: Reznick 1987, Khater et al. 2014).  While contemporary evolution 
can, and does, take place in populations not affected by human actions, anthropogenic activity often 
results in rapid evolution.  Anthropogenic pressures such as heavy exploitation or pollution, can 
induce phenotypic change by acting as a direct selection pressure and/or by modifying 
environmental conditions and driving natural selection. Harvesting creates selection pressure which 
usually acts to drive evolution in the opposite direction from that which would be favoured by natural 
selection and therefore has the potential to create maladapted populations.  In fisheries, natural 
selection would usually favour slower growth, later maturation and ultimately larger body size.  
However, the high levels of harvesting experienced by most exploited fish populations have led to 
smaller body size, with fish maturing earlier and at a smaller size.  Although still controversial, there 
is now a large body of evidence, including findings from the current study, which suggests that such 
changes are likely to be underpinned by genetic, change rather than phenotypic plasticity.  
  
Rapid evolutionary change has been observed in life history traits if the alewife, Alosa 
pseudoharengus, in traits very similar to those seen in exploited fish populations (Ricker 1981, 
Olsen et al. 2004, Swain et al. 2007, Fenberg and Roy 2008, Neuheimer and Taggart 2010, 
Hutchings and Rangeley 2011). However these changes are not underpinned by changes in the 
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DNA sequence.  In its native form, the alewife exhibits an anadromous life cycle, but following a 
rapid range expansion between 1860 and 1955 several populations became landlocked in the great 
lakes of North America, and a new freshwater morph evolved.  The freshwater morph matures 
earlier, has slower adult growth, smaller size at maturation and reduced fecundity in comparison to 
the anadromous morph.  Czesny et al.  (2012) examined the contribution of regulatory modifications 
and nucleotide changes to the rapid evolution of the freshwater morph, and found the phenotypic 
differences were a result of large regulatory changes, rather than coding changes.  Regulatory 
change may be underpinned by epigenetic changes (Armstrong 2013, Allis et al. 2015).  However, 
despite the similarity between the phenotypic changes observed in the rapid evolution of the 
freshwater morph and overexploited fish populations, to date, no study has considered the 
contribution of epigenetic changes to the phenotypic change resulting from overexploitation in 
fisheries.   
 
Regulatory change can also be underpinned by genetic change, that is, changes to the DNA 
sequence (Carroll 2005).  For example, pelvic reduction in sticklebacks, which is thought to be 
linked to the evolution of hind limbs, is the result of sequence changes in the regulatory region of 
the Pitx1 gene (Shapiro et al. 2004).  As well as small base changes such as SNPs and indels, 
gene duplication and rearrangements can also influence regulation.  Although regulatory change 
can be underpinned by both genetic and epigenetic mechanisms, here we focus on the potential 
contribution of epigenetic change to the observed shifts in life history traits.     
 
Historically the term epigenetics referred to all processes which regulated the final phenotype 
(Felsenfeld 2014).  Today a number of different definitions exist and different fields of study have 
different views of the limitations of the term debated (Bird 2007, Richards et al. 2010, Doğan et al. 
2013, Felsenfeld 2014, Deans and Maggert 2015).  Here we refer to epigenetics as a study of 
heritable changes which cannot be explained by variation or changes in the DNA sequence.  Such 
a description could apply to a number of epigenetic mechanisms including chromatin remodelling, 
histone modification, non-coding RNA and DNA methylation.  Here, we focus on DNA methylation 
which is not only the most widely studied epigenetic mark in humans (Heyn et al. 2013, Yamada 
and Yonezawa 2013, Jones et al. 2015) but is also the subject of an increasing number of studies 
which consider its role in wild populations (Herrera and Bazaga 2010, Lira-Medeiros, Parisod, 
Fernandes, et al. 2010, Massicotte et al. 2011, Kilvitis et al. 2014, Wenzel and Piertney 2014, Liu, 
Sun, et al. 2015).   
 
4.2.1 The effect of DNA methylation 
The addition of a methyl group to the cytosine base, usually to a CpG site, is known to influence 
gene expression.  In vertebrates, the only unmethylated regions of the genome are CpG islands 
(CGI) which are typically found in the promotor regions of genes (Jones 2012).  Methylation of these 
sites can prevent transcription, acting as a ‘lock’ to silence genes and is thought to be involved in 
sex chromosome inactivation (Sharp et al. 2011, Cotton et al. 2015), imprinting (Li et al. 1993, Reik 
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and Walter 2001, Lucifero et al. 2002) and silencing 
transposable elements (Ikeda and Nishimura 2015).  
The effect that methylation can have on life history 
traits has been widely studied in humans, (Heijmans 
and Tobi 2008, Fryer et al. 2011, Slomko et al. 
2012, Burgess 2013, Gentilini et al. 2013, Lomniczi 
et al. 2013) but less so in plants and animals 
(Shindo et al. 2006, Cortijo et al. 2014, Zhong et al. 
2014, Alvarado et al. 2015, Cao et al. 2015, Hu et 
al. 2015, Yang et al. 2015).    Studies have, 
however, shown that DNA methylation can influence 
development (Navarro-Martín et al. 2011, Ding et al. 
2013) and growth (Wolff et al. 1998, Zhong et al. 
2014, Alvarado et al. 2015, Cao et al. 2015) in a 
range of animals.   
 
4.2.2 DNA methylation in fish 
Before the potential contribution of DNA methylation 
to the observed shift in life history traits can be 
assessed, it is important to consider what is already 
known about DNA methylation in the target group.   
Initially methylation research in fish focused on 
determining the pattern of DNA methylation (Feng et 
al. 2010) and identifying the enzymatic pathway 
responsible for methylation (Mhanni and McGowan 
2004, Mackay et al. 2009, Fang et al. 2013).  Over 
the last two decades, interest in DNA methylation 
has grown rapidly, and to date, DNA methylation in 
fish has been studied in relation to cancer (Mirbahai 
et al. 2011, Wu et al. 2011), embryonic development 
(Andersen, Reiner, et al. 2012), gonad growth 
(Pierron et al. 2014), sex determination (Shao et al. 
2014), aquaculture (Moghadam et al. 2015), body 
temperature (Varriale and Bernardi 2006a), 
morphology (Smith, Smith, et al. 2014) and body 
size (Zhong et al. 2014).  
 
All species of fish examined so far exhibit a global 
pattern of methylation similar to that found in 
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Figure 4.1: Schematic showing the MSAP 
process from DNA extraction to epiloci values.  
H1= HpaII digest replicate 1; H2= HpaII digest 
replicate 1; M1= MspI digest replicate 1; M2= 
MspI digest replicate 2   
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mammals, although the total level of methylation in fish has been shown to be higher with ~80% of 
CpG sites methylated (~74% in mammals) (Jabbari et al. 1997, Feng et al. 2010).  The level of DNA 
methylation is also higher in tropical/temperate fish species than it is in polar species (Varriale and 
Bernardi 2006a, Varriale 2014).  Work with both fish and reptiles suggests that the higher level of 
methylation found in fish (and also reptiles) is a result of a lower rate of deamination in cold blooded 
vertebrates (Varriale & Bernardi 2006a; 2006b).  The spontaneous deamination of 5-methylcytosine 
yields thymine and therefore the high level of deamination is thought to explain the deficit of CpG 
sites found in most vertebrate genomes (Shen et al. 1994) and offers another potential way in which 
DNA methylation could influence a population’s evolution.     
 
Of particular interest here are studies in which DNA methylation has been shown to have an effect 
on variation in body size and growth rate in fish. For example, in the Tilapia (Oreochromis niloticus),  
DNA methylation in the promotor region of the growth hormone (GH) gene was negatively 
correlated with GH mRNA expression and growth rate (Zhong et al.  (2014).  Sexual size 
dimorphism in Tilapia may also be the result of higher levels of methylation in the GH promotor 
region in females (adult males weigh approximately twice as much as females and are ~23mm 
longer [Bhatta et al.  2012]).  In freshwater and marine ecotypes of the three spined stickleback 
(Gasterosteus aculeatus), differential methylation regions associated with several growth related 
genes including an insulin-like growth factor receptor, has been identified (Smith et al.  (2014)).  It 
should be noted, however, that phenotypic variation between freshwater and marine ecotypes in the 
stickleback have been strongly associated with genetic changes (Baird et al. 2008, Hohenlohe et al. 
2010, Catchen et al. 2013, Guo et al. 2015), and it is therefore unlikely that DNA methylation is 
independent of genetic change in this scenario.   
 
4.2.3 Methylation sensitive amplified polymorphism  
Over the last 30 years a wide range of techniques for studying DNA methylation have been 
developed (see Shen & Waterland 2007 and Moghadam et al. 2015 for reviews of relevant 
techniques).  Bisulphite sequencing is considered to be the gold-standard for methylation analysis, 
and when combined with MPS is a very powerful approach for studying the entire methylome (Tost 
and Gut 2007, Ku et al. 2011).  However this approach is still costly and not suited to the large 
sample sizes usually required in population-based studies.   
 
The most commonly used technique for studying methylation in larger studies, particularly when 
using wild populations, is methylation sensitive amplified polymorphism analysis (MSAP) (Schrey et 
al. 2013).  MSAP is a modification of the standard amplified fragment length polymorphism analysis 
which allows numerous loci to be analysed in many individuals for a fraction of the cost of most 
other techniques.  By using the rare cutter EcoRI in combination with two common cutters which 
recognise the same site, but differ in their sensitivity to methylation, MSAP can use variation in the 
banding pattern to identify methylation (Figure 4.1).  The two isoschizomers, HpaII and MspI 
recognise the restriction site: 5’-CCGG-3’.  Both enzymes will cut when non-methylated sites are 
 130  
 
tested, while HpaII will not cut if the internal C is fully methylated (methylation present on both 
strands) or hemi-methylated (methylation only present on one strand) and MspI will not cut if the 
external C is fully methylated or if both Cs are methylated (see Table 4.1).  The main limitations of 
MSAP are that methylation can only be detected at CCGG sites, and that the sites analysed are 
anonymous and may not be linked to the trait in question.  Although it is not possible to target 
specific loci using MSAP, studies which have found variation in methylation patterns have enabled 
subsequent sequencing of  loci of interest in the quest to assess functional importance (Wenzel and 
Piertney 2014).     
 
By enabling the detection of a large number of epiloci across the genome in numerous individuals, 
MSAP is a quick, cheap and powerful technique for studying methylation.  In particular the utility of 
MSAP in detecting variation in DNA methylation between populations has been seen in a range of 
studies involving both plants (Xiong et al. 1999, Portis et al. 2004, Takata et al. 2005, Li et al. 2008, 
Salmon et al. 2009, Gao et al. 2010, Herrera and Bazaga 2010, Long et al. 2011) and animals  
(Taylor and Blouin 2010, Massicotte et al. 2011, Morán and Pérez-Figueroa 2011, Rodríguez López 
et al. 2012, Schrey et al. 2013, Wenzel and Piertney 2014).  Thus, the MSAP approach was used in 
our study to assess the contribution of DNA methylation to the observed phenotypic variation.    
 
In the present study we investigate the methylation patterns in the Trinidadian guppy, Poecilia 
reticulate, from the four selection lines generated by the experimental selection on body size (van 
Wijk et al. 2013).  By analysing four tissue types we will be able to assess the level of DNA 
methylation found in guppies and assess the contribution of DNA methylation to the shifts in life 
history patterns observed.  In addition, the level of DNA methylation in fish from the generation 
before selection will also examined to determine whether DNA methylation patterns changed 
significantly during the selection experiment.     
 
4.3 Methods 
4.3.1 Samples  
P. reticulata were originally collected from the Tacarigua river, Northern Trinidad (1038’49.5”N, 
6122’47.2”W) in March 2008.  Once transferred to Bangor, individuals were subjected to three 
generations of random breeding and three generations of experimental selection for body size.  Full 
  
      
                 
      
     
     
     
     
     
        
    
                   
                  
                                           
                                         
Table 4.1: Sites which will and won’t be cut by enzymes HpaII and MspI.  C indicates a methylated 
cytosine.   
 131  
 
details of the collection of fish and the selection experiment can be found in Chapter Two and van 
Wijk (2011).    
 
Tissue samples for DNA methylation studies were collected from adult males in the F2 generation 
(before the experimental selection began: n=10) and the F6 generation (the generation after 
selection: n=60).  For fish from the F2 generation, samples were obtained from the tail tissue shortly 
after the fish had reached maturation.  In order to obtain samples from the F6 generations the 
majority of fish were euthanised with an overdose of 0.02% tricaine methanesulfonate (MS222; 
Pharmaq, Fordingbridge, UK). A few F6 fish (n=6) died of natural causes and were preserved in 90-
100% ethanol within 12 hours of death.  The age of all sampled F6 fish was between 1-2 years.  
Following collection, all F6 fish were dissected and tissue from the liver, brain, gonads and tail was 
collected.  DNA was extracted from all samples using the salting out technique as described in 
Domingues et al. (2010).  These four tissues were chosen for practicality and because they have 
previously been shown to have differing patterns of methylation (Rodríguez López et al. 2012).  
 
Environmental stress is known to lead to changes in 
DNA methylation (Labra et al. 2002, Steward et al. 
2002, Sollars et al. 2003, Anway et al. 2005, 
Meaney and Szyf 2005, Brown et al. 2009, Boyko et 
al. 2010, Herrera and Bazaga 2010, Verhoeven et 
al. 2010, Vandegehuchte and Janssen 2011).  
Although the selection experiments in this study 
were designed to reduce the stress experienced by 
the fish, the selection for body size necessitates 
handling the fish and may therefore have led to increased stress.  The collection and transport of 
wild fish from Trinidad to Bangor also has the potential to have caused stress.  Care was taken to 
ensure the fish from all five selection lines were treated in the same way throughout the experiment, 
however, it is possible that small variations in stress may have led to variation in the epigenome 
between the different lines.  The use of wild fish also necessitated a change of diet for the first 
generation of fish.  As nutrition has been shown to cause changes in epigenetic marks, particularly 
in the embryo (Wolff et al. 1998, Ashworth et al. 2009, Chmurzynska 2010), it is possible that the 
change in diet may have had an effect, although it is unlikely that this will have differed between the 
selection lines.  
    
Variability in quality of DNA extracts meant that all four tissue types could not be analysed for all 
individuals.  The number of samples of each tissue type and from each selection line, including the 
F2, can be seen in Table 4.2.     
 
                        
   - - -    
               
             
               
               
Table 4.2:  Samples used in MSAP methylation 
analysis.     
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4.3.2 Methylation sensitive AFLP 
For each sample 100 ng of genomic DNA was digested with EcoRI and one of the two 
isoschizomers, HpaII or MspI.  Double stranded adaptors were prepared by combining single 
stranded oligonucleotides (table 4.3) and heating to 90C for 5 minutes before cooling by 1.5C per 
minute for 45 minutes.  Twenty µl digestion/ligation reactions were incubated at 37C for 3 hours 
and each contained: 5 U of EcoRI, 5 U of HpaII/MspI, 2 µl of restriction enzyme buffer (NEB buffer 1 
for HpaII and NEB buffer 4 for MspI), 5pmol of EcoRI adaptor, 50 pmol of HpaII/MspI adaptor, 0.6 U 
of T4 DNA ligase and 2 µl of T4 DNA ligase buffer.  For each sample, both the HpaII and the MspI 
digestion was replicated twice, meaning that all samples were digested in a total of four reactions. 
 
For each digest a pre-selective and selective PCR were then performed, each in a total reaction 
volume of 10 µl comprising: 0.625 U Thermostart
TM
 taq DNA polymerase, 1x
 
Thermostart
TM
 reaction 
buffer, 0.8 mM dNTPs, 1.5 mM MgCl2, 0.2 µl of EcoRI primer (10 µM) and 0.2 µl of either the HpaII 
or MspI primer (10 µM).  The pre-selective PCR contained 1 µl of product of the digestion/ligation 
reaction, while the selective PCR contained 1 µl of the pre-selective PCR product.  Sequences of 
the primers used in the pre-
selective and selective PCR 
can be found in table 4.3.  
All PCR’s were carried out 
in a BioRad DNA engine 
Tetrad 2 Peltier Thermal 
Cycler with the following 
thermal profile: 5 minutes at 
94°C; 35 cycles of 30 
seconds at 92°C, 1 minute 
30 seconds at 52°C and 30  
seconds at 72°C; 10 minutes  
at 72°C. 
 
The products of the digestion/ligation, pre-selective PCR and selective PCR were initially visualised 
with a 5% agarose gel to check for amplification success before the selective PCR products were 
resolved on 36 cm capillaries using POP7 polymer in a Applied Biosystems 3130 Bioanalyser 
(Applied Biosystems, Foster City, CA) using the 500 LIZ size standard.    
 
4.3.3 Statistical analysis 
The resulting MSAP banding patterns were analysed in GeneMapper v4 (Applied Biosystems, 
Foster City, CA). To reduce the potential impact of size homoplasy (Caballero et al. 2008), only 
bands larger than 100 bp or smaller than 500 bp were considered.  The threshold for band detection 
                       
Ad.HpaII MspI   FW Adaptor GGTTCTAGACTCATC 
Ad.HpaII MspI   R  Adaptor GACGATGAGTCTAGAA 
Ad.EcoRI   FW Adaptor CTCGTAGACTGCGTACC  
Ad.EcoRI   R  Adaptor AATTGGTACGCAGTCTAC  
Pre.EcoRI Pre-selective primer GACTGCGTACCAATTCA 
Pre.HpaII MspI  Pre-selective primer GATGAGTCTAGAACGGT 
EcoRI   ACT Selective Primer GACTGCGTACCAATTCACT 
HpaII MspI   TAC  Selective Primer GATGAGTCTAGAACGGTAC 
Table 4.3:  Samples used in MSAP methylation analysis.     
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was set at 50 relative fluorescent units (RFU) however all sites which were thought to be methylated 
(i.e. HpaII+/MpsI- or HpaII-/MspI+ fragments) were also visually assessed. 
 
To give an estimate of the number of potential EcoRI-HpaII/MspI sites present in the guppy genome 
an in silco digest of the reference genome was performed using the R package SimRAD (Lepais 
and Weir 2014).  This analysis identified a total of 26,812 fragments containing both an EcoRI and a 
MspII/HpaII cut site within the selected size range of 100-500bp.  However, as the reference 
genome is not complete, this is likely to be a underestimate of the number of potential fragments.      
 
When examining the individual banding pattern at each site, any band which was present in at least 
one of the two replicates was called as present (1) while a band had to be absent from both 
replicates to be called as absent (0).  Only bands with repeatability (1 - frequency discordant states 
between replicates) of ≥ 0.9 were considered for further analysis.  Once the presence absence of 
each band was determined at each site, the methylation state of each locus in each individual was 
determined.  As discussed in section 4.2.3, the use of the MspI and HpaII enzymes can produce 
four different banding patterns, three of which are informative (Table 4.1) in mammals.  For the 
purposes of this study the banding patterns will be referred to as: unmethylated, in which a site is 
successfully cut by both enzymes (H+ / M+); hemi-methylated, in which a site is only cut by the 
HpaII enzyme (H+ / M-); fully methylated, in which a site is cut only by the MspI enzyme (H- / M+) 
and uninformative, in which a site is not cut by either enzyme (H- / M-). 
 
To identify those sites susceptible to methylation, an error threshold (eT) was calculated where eT = 
em + eh - 2 emeh when em is the number of discordant MspI scores and eh is the number of 
discordant HpaII scores (Herrera and Bazaga 2010).  When calculated across all bands with a 
repeatability of ≥0.9, the eT was 0.07.  Sites with a methylation frequency above this threshold were 
classed as methylation susceptible loci (MSL) while those 
with a methylation frequency below were classed as non-
methylated loci (NML).  The methylation state of each MSL 
in each individual was then coded into three binary epi-loci 
representing fully methylated, hemi-methylated or 
unmethylated states.  Uninformative sites are coded as 0 
for all three epiloci.  The banding pattern, methylation state 
and resulting epiloci coding can be seen in table 4.4.  To 
code the MSL into epiloci the ‘Mix2’ algorithm in the R script 
msap_calc was used (Schulz et al. 2013). 
 
Once the methylation state of each individual had been converted into epiloci, variability in the 
pattern of methylation between tissue types and selection lines could be assessed.  Variability 
among tissues was considered by grouping all F6 samples according to tissue type.   Variability 
        
              
                    
             -       
      -      -       
        
      -             
Table 4.4:  MSAP banding patterns 
and the resulting epiloci codes.   
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among the selection lines was analysed by grouping according to selection line within each tissue 
type.   
 
4.3.4 Genome-wide methylation and Epigenetic structure 
Variability in genome-wide levels of methylation was assessed by estimating the mean frequency of 
the fully methylated, hemi-methylated and unmethylated sites for each group.  The frequency of 
‘hemi-methylated’ sites described in vertebrates using the MSAP technique has led to discussion 
about other ways this banding pattern could be formed (Fulneček and Kovařík 2014).  It is possible 
that these bands result from a fragment containing both a fully methylated and unmethylated site 
(see section 4.5.1).  To ensure that separating these sites did not bias our analysis when 
considering the genome wide level of methylation, we also analysed the frequency of fully 
methylated/hemi-methylated sites combined and unmethylated/hemi-methylated sites combined. 
The Shannon diversity index, calculated as i=  pi log2 pi where pi is the frequency of a present (‘1’) 
band the population, was used to assess the epigenetic diversity in each group.  Statistical 
significance of any observed variation between methylation frequency and epigenetic diversity was 
assessed using a Kruskal-Wallis test in SPSS (Version 22.0). 
 
The epigenetic structure, both between tissue types and between selection lines within tissues, was 
assessed using pairwise Φpt values and Principal Coordinates Analysis (PCoA).  Φpt is a measure 
analogous to Fst which can be used for binary or haploid data (Maguire et al. 2002).  PCoA and Φpt 
values were both calculated in GenAlEx 6.501 (Peakall and Smouse 2012).    
   
4.3.5 Level of methylation at individual epiloci 
As well as examining genome-wide levels of methylation, the patterns of methylation between 
selection lines (within each tissue type), at individual epiloci were also investigated.  GenAlEx 6.501 
(Peakall and Smouse 2012) was used to calculate individual epilocus Φpt values for each pairwise 
comparison (L1/S1, L1/S2, L2/S1 and L2/S2 for all four tissue types, as well as F2/L1, F2/L2, F2/S1 
and F2/S2 for the samples from the tail tissue).   
 
In addition to pairwise Φpt values, Fst outlier analyses (Fdist and Bayesian approaches) were also 
used to identify epiloci showing elevated levels of differentiation between the selection lines. The 
Fdist approach was implemented in Mcheza (Antao and Beaumont 2011).  Mcheza utilises DFdist, 
a modified version of Fdist, which enables dominant markers to be analysed.  Allele frequencies are 
calculated according to Zhivotovsky (1999) before the distribution of Fst values expected under 
neutral conditions is determined, allowing the identification of loci falling outside the neutral 
distribution.   Mcheza was run with 50,000 simulations and a forced neutral mean Fst.  Epiloci with a 
p value ≤0.05 were identified as outliers.  A Bayesian approach, as implemented in BayeScan, 
examines the likelihood of two models of differentiation, one with and one without selection. 
BayeScan was run using the default parameters (20 pilot runs of 5,000 iterations and an additional 
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burn in of 50,000 iterations followed by 100,000 iterations) and any locus with a q-value ≤ 0.05 was 
considered an outlier.   
 
4.4 Results 
A total of 91 bands had a repeatability of ≥ 0.9.  Across all 91 bands the eT was 0.07 and resulted in 
80 MSL and 11 NML.  Because the number of NML was low and the genetic diversity of the 
selection lines has already been analysed, the 11 NML were not considered further.  Of the 80 
MSL, 15 were uninformative in more than 30% of the samples processed and were therefore not 
included in further analysis.  To assess the patterns of methylation in guppies, 65 MSL were 
transformed by MSAP_calculation into 162 polymorphic binary epiloci.    
 
4.4.1 Analysis of tissue types   
4.4.1.1 Frequency of methylation 
The frequency of both hemi-methylation and full methylation varied significantly among tissue types 
(X
2
=19.56, p<0.001 and X
2
=16.87, p=0.001 respectively).  Similarly, the frequency of full/ hemi-
methylated sites combined and unmethylated/hemi-methylated sites combined varied significantly 
among tissues (X
2
=11.37, p=0.010 and X
2
=13.44, p=0.004 respectively).     The frequency of 
genome wide hemi-methylation was lowest in the brain and liver tissues while the frequency of full 
methylation was lowest in the gonads and the tail (see Figure 4.2).  Combining the hemi-methylated 
sites with the unmehtylated and fully methylated sites reduced the variation between the liver and 
brain for the fully methylated sites but increased it for the unmehtylated sites.  The genome wide 
absence of methylation also varied significantly with tissue type (X
2
= 11.67, p=0.009).   
 
4.4.1.2 Epigenetic diversity  
Across all selection lines and 
epiloci the Shannon diversity index 
varied significantly (X
2
=9.752, 
p=0.021).  Diversity was higher in 
the gonad and liver tissue 
(mean=0.59) than in the brain and 
tail tissue (mean=0.53) (Figure 
4.3).  However, when analysing 
variation in the level of diversity 
between all four tissue types within 
a selection line, the observed 
diversity was only significantly 
different in the L1 and S2 lines 
(X
2
=9.38, p=0.025 and X
2
=11.34, 
p=0.01 respectively).   
Figure 4.2: genome wide methylation frequency across all selection 
lines.  SE shown in error bars 
   
  
1
3
6
 
L1 L2 S1 S2 L1 L2 S1 S2 L1 L2 S1 S2 L1 L2 S1 S2
L1 0.006 0.011 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
L2 0.083 0.010 0.001 0.001 0.012 0.001 0.001 0.001 0.009 0.001 0.001 0.001 0.001 0.001 0.001
S1 0.044 0.061 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
S2 0.119 0.124 0.144 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
L1 0.150 0.121 0.207 0.218 0.003 0.003 0.001 0.001 0.001 0.001 0.001 0.003 0.033 0.001 0.001
L2 0.177 0.053 0.190 0.169 0.062 0.001 0.001 0.001 0.021 0.001 0.001 0.001 0.476 0.001 0.002
S1 0.145 0.156 0.171 0.193 0.059 0.142 0.001 0.001 0.001 0.001 0.001 0.046 0.004 0.016 0.001
S2 0.164 0.164 0.221 0.099 0.113 0.092 0.099 0.001 0.001 0.001 0.016 0.001 0.007 0.067 0.441
L1 0.198 0.193 0.258 0.232 0.094 0.132 0.178 0.163 0.009 0.001 0.001 0.001 0.001 0.001 0.001
L2 0.247 0.109 0.262 0.223 0.139 0.052 0.222 0.171 0.094 0.002 0.010 0.001 0.021 0.002 0.001
S1 0.190 0.183 0.226 0.202 0.151 0.155 0.151 0.143 0.057 0.114 0.001 0.001 0.001 0.001 0.001
S2 0.202 0.183 0.241 0.112 0.176 0.140 0.200 0.063 0.106 0.095 0.079 0.001 0.001 0.001 0.001
L1 0.173 0.176 0.220 0.229 0.039 0.137 0.025 0.098 0.147 0.240 0.164 0.209 0.001 0.008 0.001
L2 0.177 0.092 0.218 0.191 0.037 0.000 0.101 0.062 0.154 0.109 0.174 0.167 0.084 0.002 0.001
S1 0.201 0.181 0.221 0.189 0.096 0.123 0.056 0.032 0.171 0.205 0.129 0.139 0.062 0.083 0.008
S2 0.274 0.267 0.332 0.219 0.191 0.190 0.184 0.000 0.242 0.266 0.223 0.116 0.155 0.135 0.070
Tail
Brain
Gonads
Liver
Tail
Brain Gonads Liver
0
0.476
0.306
0.166
        
          
0
0.332
0.212
0.112
Table 4.5: Φpt values and their significance between the selection lines and tissues.  Φpt values are shown below the diagonal, p values above the diagonal   
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4.4.1.3 Epigenetic structure 
When calculated using all selection lines combined, Φpt between tissues were all significant and 
ranged from 0.017 to 0.149.  As Table 4.5 shows, epigenetic differentiation was high between the 
brain and the three other tissues sampled and also between the liver and tail tissues.  Epigenetic 
differentiation between the gonads and the liver and the gonads and the tail was considerably 
lower.  The pattern of genetic differentiation observed when the selection lines were combined (L1 
and L2 combined and S1 and S2 combined), was the same as when the samples were grouped by 
selection line and tissue type (Table 4.6).  In all four lines the brain showed the highest level of 
epigenetic differentiation.  The liver and the tail showed no epigenetic differentiation in two of the 
lines (L2 and S2) and low epigenetic differentiation in the remaining two lines (L1 and S1).  Values 
of Φpt observed between the tissue types were significantly higher than those observed between 
the selection lines within tissues (Mann Whitney U= 381, p ≤ 0.001).   
 
Figure 4.3: Shannon diversity index across tissue and selection lines.  All shows the 
data from all selection lines combined.    
L S L S L S L S F2
L 0.007 0.001 0.001 0.001 0.001 0.001 0.001 0.001
S 0.028 0.001 0.001 0.001 0.001 0.001 0.001 0.001
L 0.110 0.162 0.001 0.001 0.001 0.011 0.001 0.001
S 0.115 0.119 0.060 0.001 0.001 0.019 0.006 0.001
L 0.164 0.201 0.078 0.142 0.001 0.001 0.001 0.001
S 0.157 0.152 0.130 0.106 0.050 0.001 0.001 0.001
L 0.131 0.170 0.022 0.022 0.128 0.146 0.001 0.001
S 0.203 0.198 0.122 0.036 0.185 0.120 0.072 0.001
F2 0.252 0.225 0.201 0.153 0.201 0.167 0.211 0.210
Liver
Tail
TailBrain Gonads Liver
Brain
Gonads
0
0.019
0.306
0.166
0.252
0.212
0.112
0
                    
Table 4.6: Φpt values and their significance between the selection regimes and tissues (L= L1 and L2 
combined, S= S1 and S2 combined).  Φpt values are shown below the diagonal, p values above the 
diagonal   
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4.4.1.4 Principal coordinates analysis 
PCoA of epigenetic variation between tissue types broadly agreed with the structure indicated by 
the Φpt values.  When plotted across all selection lines, the brain tissue clustered separately from 
the other three tissues (Figure 4.4).  Despite the high Φpt values between the liver and the tail 
tissues, the PCoA did not cluster these tissues separately.     
 
4.4.2 Analysis of selection lines 
As the pattern of methylation varied between the different tissue types sampled, analysis of 
methylation in the selection lines and in the F2 fish was performed on each tissue type separately.   
 
4.4.2.1 Frequency of methylation 
The frequency of methylation for each selection line in each tissue type are illustrated in Figure 4.5. 
Table 4.7 shows the results of Kruskall Wallis tests of the variation between the selection lines and 
the F2.  In the brain tissues methylation types (hemi-methylated, fully methylated, unmethylated, 
hemi-methylated/fully methylated combined, and unmethylated/hemi-methylated combined) did not 
differ significantly across the F6 selection lines (L1, L2, S1 and S2).  In the gonads, all five types of 
methylation varied significantly when considering all four selection lines.  However, when the two 
large lines were combined and compared against the combination of the two small lines, variation in 
only the frequency of hemi-methylation remained significant.  In the liver the frequency of hemi-
Figure 4.4: PCoA showing structure of tissues.  
Table 4.7: Significant differences in the frequency of methylation between the selection lines.  
Comparison
Methylation 
type
H F U
F 
+ 
H
U 
+ 
H
H F U
F 
+ 
H
U 
+ 
H
H F U
F 
+ 
H
U 
+ 
H
H F U
F 
+ 
H
U 
+ 
H
Brain NS NS NS NS NS NS NS NS NS NS - - - - - - - - - -
Gonads ** * * * * *** NS NS NS NS - - - - - - - - - -
Liver * NS NS NS NS NS NS NS NS NS - - - - - - - - - -
Tail * * * NS * NS ** * * ** NS NS ** NS ** * ** NS * NS
Selection lines L vs S F2 vs L F2 vs S
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methylation varied significantly 
between all the selection lines.  
This variation, however, was not 
significant when the large and 
small lines were combined, 
indicating a treatment-specific 
effect. 
  
In tail tissues, the frequency of 
hemi-methylation, full methylation, 
no methylation and no 
methylation/hemi-methylated 
combined all varied significantly 
between the selection lines (Table 
4.7).  When the large and small 
selection lines were combined the 
frequency of full methylation 
varied significantly between the F2 
and the large lines (L1 and L2 
combined) and the F2 and the 
small lines (S1 and S2 combined) 
(Table 4.7).  The frequency of no 
methylation only varied 
significantly between the F2 and 
the large lines, while the frequency 
of both hemi-methylation only 
varied significantly between the F2 and the small lines (S1 and S2 combined).  For both F2 
comparisons combining the hemi-methylated sites with the fully methylated and unmethylated sites 
did not change the significance of the result.     
 
4.4.2.2 Epigenetic diversity 
Epigenetic diversity for the 4 selection lines, as measured by the Shannon diversity index (i), is 
illustrated in Figure 4.3, and the results of the Kruskall Wallis tests in Table 4.8.  For the F2 tail 
tissue (not included in figure 4.3) the Shannon diversity index is 0.573 (SE ± 0.121).  The observed 
variation in the epigenetic diversity between the selection lines was only significant in the brain.  
However, the diversity was highest in the L2 and S2 and lowest in the L1 and S1. Therefore when 
the large and small lines were combined, there was no significant difference in epigenetic diversity.  
Conversely, the epigenetic diversity in the gonads was not significantly different when all four 
selection lines were considered separately, but did differ significantly when the large (L1 and L2) 
and small lines (S1 and S2) were combined.  Epigenetic diversity in the gonads was higher in the 
Figure 4.5: genome wide methylation frequency in each selection line 
for each tissue.  SE shown in error bars 
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large selected lines than in the small selected lines.  The F2 did not differ significantly in either the 
large (L1 and L2 combined) or small lines (S1 and S2 combined).   
 
4.4.2.3 Epigenetic structure 
Although the level of epigenetic differentiation between the selection lines (from the same tissue 
type) was significantly lower than that observed between the different tissue types (Mann Whitney 
U=735, p≤0.001), the Φpt values observed between the selection lines were still high and significant 
(Table 4.5).  The Φpt values between the selection line replicates (e.g. between L1 and L2) were 
similar to those between lines from opposing selection regimes (e.g. between L1 and S1).  When 
the replicates were combined, the Φpt values were low (Table 4.6).  The high level of epigenetic 
differentiation between the four selection lines (L1, L2 S1 and S2), as well as the low level of 
epigenetic differentiation between the selection regimes (L and S), suggest that any epigenetic 
structuring between the selection lines in our study was driven by selection on body size.  Φpt 
values were high and significant between the F2 and the selection lines, both when the replicates 
were analysed separately (Table 4.5) and when the replicates were combined, (F2 vs L: Φpt = 0.211 
p= 0.001, F2 vs S: Φpt = 0.210 p= 0.001).  
 
As well as global Φpt values, Φpt values between the selection lines were calculated for each 
epilocus.  Across all of the pairwise comparisons for each epilocus (20 comparisons for 162 epiloci), 
only 12% exhibited a significantly elevated Φpt (p ≤ 0.05).  In order to be potentially linked to body 
size, we expected a methylated site to show divergence in more than one of the selected replicates 
and, therefore, have a significantly elevated Φpt in at least 3 of the pairwise comparisons which 
were considered for each tissue type.   When considering the samples taken from the brain, the 
examined epiloci did not exhibit a significantly elevated Φpt in more than two of the pairwise 
comparisons (Table 4.9).  In tissues from the gonads, four epiloci (h107, u107, m104, u104), 
representing  2 MSL, were significantly elevated in 3 of the 4 pairwise comparisons while one 
further epilocus (u337) had a significantly elevated Φpt in all 4 pairwise comparisons (Table 4.10).  
Pairwise comparisons of samples from the liver showed one (m312) epilocus which had a 
significantly elevated Φpt in 3 comparisons and one which had a significantly elevated Φpt in all 4 
pairwise comparisons (Table 4.11).  In the tail tissue only 3 epiloci (u176, m176, h119), which 
represented 2 MSL, had a significantly elevated Φpt in 3 of the pairwise comparisons (Table 4.12).  
 
Table 4.8: Significant differences in the diversity of 
methylation between the selection lines.  
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     0.20   0.57 ** 0.00   0.26   
     0.20   0.57 *** 0.00   0.10   
     0.19 * 0.00   0.00   0.01   
     0.00   0.46 ** 0.06   0.65 ** 
     0.00   0.39 ** 0.25   0.71 *** 
     0.29 * 0.00   0.00   0.25   
     0.29 * 0.00   0.00   0.39 * 
     0.09   0.08   0.00   0.52 ** 
     0.36 ** 0.00   0.00   0.35 * 
     0.00   0.00   0.41 * 0.38 * 
     0.00   0.35 * 0.00   0.10   
     0.00   0.35 * 0.00   0.26   
     0.07   0.18   0.43 * 0.29   
     0.00   0.18   0.41 * 0.15   
     -   0.32 * -   0.20   
     -   0.32 * 0.19   0.00   
     0.00   0.08   0.14   0.40 * 
     0.00   0.36 ** 0.06   0.56 ** 
     0.14   0.00   0.41 * 0.03   
     0.09   0.29 * 0.41 * 0.00   
     0.00   0.27 * 0.00   0.19   
     0.00   0.23 * 0.09   0.00   
     0.15   0.54 *** 0.17   0.53 ** 
     -   0.23 * 0.05   0.00   
     0.05   0.46 ** 0.00   0.65 ** 
     0.00   0.42 ** 0.02   0.68 *** 
     0.00   0.03   0.48 * 0.67 *** 
     0.01   0.08   0.68 ** 0.78 *** 
     0.00   0.18   0.33 * 0.00   
     0.00   0.36 ** 0.01   0.15   
     0.00   0.36 ** 0.01   0.15   
     0.01   0.12   0.00   0.38 * 
     0.01   0.12   0.00   0.38 * 
     0.08   0.47 *** 0.00   0.18   
     0.37 ** 0.00   0.05   0.26   
     0.50 *** 0.00   0.13   0.12   
     0.00   0.58 ** 0.15   0.44 * 
     0.00   0.36 ** 0.00   0.03   
     0.00   0.00   0.33 * 0.32   
     0.05   0.01   0.55 ** 0.03   
Table 4.9: Epilocus by epilocus Φpt values from 
brain tissue samples.  Lowest values are shown in 
green, highest in red.  Only those loci which are 
significantly elevated in at least one comparison 
are shown.  
Table 4.10: Epilocus by epilocus Φpt values 
from gonad tissue samples.  Lowest values are 
shown in green, highest in red.  Only those loci 
which are significantly elevated in at least one 
comparison are shown.  
                          
     0.65 *** 0.36 ** 0.62 ** 0.30   
     0.00   0.37 ** 0.00   0.27   
     0.23 * 0.00   0.62 *** 0.11   
     0.13   0.31 * 0.00   0.00   
     0.06   0.33 * 0.59 ** 0.00   
     0.10   0.25 * 0.00   0.00   
     0.13   0.01   0.30 * 0.14   
     0.03   0.00   0.49 ** 0.04   
     0.18   0.33 * 0.36 * 0.53 * 
     0.00   0.40 ** 0.00   0.38 * 
     0.02   0.60 *** 0.00   0.48 * 
     0.00   0.21   0.00   0.41 * 
     0.11   0.04   0.47 ** 0.37 * 
     0.21 * 0.03   0.10   0.00   
     0.28 * 0.10   0.52 ** 0.27   
     0.18   0.69 *** 0.10   0.59 ** 
     0.26 * 0.20   0.35 * 0.27   
     0.00   0.15   0.00   0.46 ** 
     0.00   0.00   0.30 * 0.25   
     0.00   0.56 *** 0.03   0.27   
     0.00   0.37 ** 0.00   0.00   
     0.10   0.30 * 0.00   0.00   
     0.18   0.33 * 0.36 * 0.53 ** 
     0.73 *** 0.37 * 0.62 *** 0.19   
     0.00   0.19   0.01   0.38 * 
     0.03   0.00   0.29 * 0.04   
     0.00   0.24   0.39 ** 0.00   
     0.02   0.60 ** 0.00   0.48 ** 
     0.00   0.50 ** 0.14   0.12   
     0.30 * 0.00   0.01   0.11   
     0.12   0.13   0.49 ** 0.51 * 
     0.10   0.00   0.26 * 0.12   
     0.25 * 0.18   0.00   0.00   
     0.21 * 0.03   0.00   0.00   
     0.13   0.01   0.30 * 0.14   
     0.00   0.05   0.23   0.35 * 
     0.01   0.00   0.53 ** 0.53 ** 
     0.04   0.40 ** 0.00   0.24   
     0.02   0.29 * 0.36 * 0.01   
     0.26 * 0.34 * 0.35 * 0.46 * 
     0.00   0.15   0.01   0.35 * 
     0.00   0.05   0.44 ** 0.19   
     0.00   0.43 ** 0.00   0.15   
     0.37 ** 0.00   0.35 * 0.00   
     0.00   0.52 *** 0.34 * 0.02   
     0.08   0.08   0.49 ** 0.00   
     0.01   0.19   0.53 ** 0.00   
     0.18   0.51 ** 0.00   0.19   
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     0.19 * 0.13   0.35   0.29   
     0.19 * 0.13   0.35   0.29   
     0.41 ** 0.00   0.35   0.00   
     0.49 ** 0.01   0.45 * 0.00   
     0.21 * 0.00   0.00   0.09   
     0.28 * 0.27 * 0.04   0.02   
     0.28 * 0.27 * 0.04   0.02   
     0.00   0.46 ** 0.00   0.31   
     0.02   0.31 * 0.08   0.29   
     0.06   0.35 * 0.00   0.44 * 
     -   0.32 * 0.32   0.00   
     -   0.32 * -   0.17   
     -   0.32 * -   0.17   
     -   -   0.49 * 0.46 * 
     0.00   0.46 *** 0.26   0.00   
     0.27 * 0.53 *** 0.26   0.59 ** 
     0.00   0.00   0.37   0.44 * 
     0.00   0.29 * 0.01   0.00   
     0.00   0.29 * 0.01   0.00   
     0.04   0.00   0.27   0.50 * 
     -   0.03   0.49 * 0.24   
     0.00   0.53 ** 0.19   0.00   
     0.06   0.13   0.31 * 0.42 * 
     0.33 * 0.31 ** -   -   
     0.33 ** 0.31 ** -   -   
     0.10   0.25 * 0.00   0.00   
     0.10   0.25 * 0.00   0.00   
     -   0.23 * 0.12   0.00   
     0.18   0.53 *** 0.25   0.59 ** 
     0.50 ** 0.56 ** 0.72 *** 0.79 *** 
     0.00   0.05   0.25   0.59 ** 
     0.02   0.05   0.49 * 0.00   
     0.00   0.08   0.00   0.50 * 
     0.08   0.08   0.00   0.44 * 
     0.00   0.00   0.45 * 0.19   
     0.21 * 0.18 * 0.00   0.00   
     0.03   0.08   0.49 * 0.00   
     0.21 * 0.01   0.66 *** 0.00   
     0.03   0.35 ** 0.00   0.24   
     0.00   0.29 * 0.00   0.20   
     0.40 ** 0.13   0.25   0.02   
     0.40 ** 0.13   0.25   0.02   
     0.00   0.00   0.66 ** 0.75 ** 
     0.00   0.22 * 0.00   0.00   
     0.36 ** 0.00   0.37   0.00   
     0.00   0.27 * 0.00   0.02   
     0.05   0.45 ** 0.00   0.19   
     0.10   0.25 * 0.00   0.00   
     0.04   0.36 ** 0.08   0.00   
Table 4.11: Epilocus by epilocus Φpt values from 
liver tissue samples.  Lowest values are shown in 
green, highest in red.  Only those loci which are 
significantly elevated in at least one comparison 
are shown.  
Table 4.12: Epilocus by epilocus Φpt values 
from tail tissue samples for the selection lines.  
Lowest values are shown in green, highest in 
red.  Only those loci which are significantly 
elevated in at least one comparison are shown.  
                        
     0.00   0.41 ** 0.10   0.69 ** 
     0.00   0.41 ** 0.10   0.69 *** 
     0.00   0.10   0.38 * 0.07   
     0.00   0.10   0.38 * 0.07   
     0.00   0.27 * 0.00   0.42 * 
     0.00   0.27 * 0.00   0.42 * 
     0.19   0.36 ** 0.23   0.41 * 
     0.32 * 0.51 *** 0.18   0.42 * 
     0.18   0.00   0.32 * 0.00   
     0.00   0.11   0.49 ** 0.04   
     0.08   0.51 ** 0.07   0.00   
     0.00   0.27 * 0.14   0.00   
     0.00   0.47 ** 0.00   0.40 * 
     0.03   0.39 * 0.38 * 0.78 *** 
     0.03   0.39 ** 0.38 * 0.78 ** 
     0.25 * 0.12   0.00   0.00   
     0.25 * 0.57 *** 0.00   0.14   
     0.32 ** 0.40 ** 0.00   0.00   
     0.54 *** 0.61 *** 0.07   0.15   
     0.32 * 0.04   0.00   0.00   
     0.35 * 0.00   0.29   0.00   
     0.35 * 0.00   0.29   0.00   
     0.00   0.00   0.44 * 0.41 * 
     0.35 * 0.02   0.14   0.00   
     0.54 *** 0.03   0.30 * 0.00   
     0.00   0.21 * 0.19   0.00   
     0.00   0.51 *** 0.18   0.00   
     0.44 ** 0.10   0.10   0.00   
     0.44 ** 0.10   0.10   0.00   
     0.00   0.06   0.20   0.40 * 
     0.00   0.07   0.21   0.61 *** 
     0.02   0.00   0.38 * 0.17   
     0.02   0.00   0.38 * 0.17   
     0.27 * 0.00   0.11   0.00   
     0.03   0.15   0.46 ** 0.33 * 
     0.08   0.41 ** 0.00   0.25   
     0.03   0.36 * 0.00   0.06   
     0.00   0.51 *** 0.00   0.42 * 
     0.32 * 0.26 * 0.03   0.00   
     0.32 * 0.26 * 0.03   0.00   
     0.25 * 0.40 * 0.00   0.00   
     0.00   0.00   0.30 * 0.06   
     0.08   0.00   0.32 * 0.15   
     0.00   0.78 *** 0.00   0.80 *** 
     0.00   0.69 *** -   0.71 *** 
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     0.21   0.44 * 0.32   0.15   
     0.21   0.44 * 0.32 * 0.15   
     0.00   0.00   0.10   0.69 ** 
     0.00   0.00   0.10   0.69 *** 
     0.00   0.56 ** 0.00   0.27   
     0.29 * 0.89 *** 0.29   0.67 ** 
     0.61 *** 0.56 * 0.13   0.00   
     0.67 *** 0.78 *** 0.29 * 0.16   
     0.30 * 0.33   0.19   0.37 * 
     0.30 * 0.33   0.38 * 0.37 * 
     0.48 ** 0.76 ** 0.68 *** 0.90 *** 
     0.76 *** 0.89 *** 0.79 *** 0.90 *** 
     0.15   0.49 * 0.10   0.06   
     0.28   0.48 * 0.23   0.19   
     0.30 * 0.00   0.00   0.00   
     0.35 * 0.00   0.33 * 0.00   
     0.49 *** 0.11   0.46 ** 0.07   
     0.13   0.00   0.38 * 0.78 ** 
     0.13   0.00   0.38 * 0.78 ** 
     0.08   0.62 ** 0.58 ** 0.45 * 
     0.00   0.34   0.44 * 0.53 ** 
     0.00   0.24   0.58 ** 0.67 *** 
     0.18   0.44 * 0.06   0.07   
     0.57 ** 0.09   0.00   0.29   
     0.57 ** 0.44 * 0.07   0.48 ** 
     0.33 * 0.21   0.00   0.05   
     0.00   0.00   0.46 ** 0.07   
     0.00   0.00   0.46 ** 0.07   
     0.28 * 0.22   0.06   0.00   
     0.46 ** 0.13   0.38 * 0.17   
     0.46 ** 0.20   0.00   0.16   
     0.57 ** 0.24   0.49 ** 0.48 ** 
     0.57 ** 0.00   0.44 * 0.00   
     0.30 * 0.00   0.19   0.04   
     0.34 * 0.22   0.27   0.25   
                        
     0.37 * 0.49 * 0.56 ** 0.06   
     0.13   0.44 * 0.07   0.00   
     0.13   0.00   0.38 * 0.15   
     0.28   0.21   0.55 ** 0.30 * 
     0.25 * 0.37   0.44 * 0.58 ** 
     0.49 ** 0.48 * 0.68 ** 0.80 *** 
     0.00   0.07   0.10   0.40 * 
     0.22 * 0.00   0.33 * 0.53 * 
     0.29 * 0.37   0.29   0.00   
     0.35 * 0.89 *** 0.48 * 0.06   
     0.42 ** 0.21   0.44 * 0.30   
     0.57 ** 0.44 * 0.49 * 0.48 * 
     0.29 * 0.20   0.70 ** 0.69 ** 
     0.21   0.00   0.49 * 0.48 ** 
     0.34 * 0.22   0.08   0.25   
     0.14   0.89 *** 0.38 * 0.43 * 
     0.29 * 0.22   0.02   0.00   
     0.38 * 0.22   0.13   -   
     0.22   0.49 * 0.20   0.27   
     0.22   0.62 ** 0.33 * 0.41 * 
     0.48 ** 0.13   0.48 ** 0.06   
     0.35 * 0.21   0.23   0.00   
     0.43 * 0.09   0.17   0.29   
     0.75 *** 0.48 * 0.55 ** 0.53 * 
     0.57 ** 0.24   0.00   0.04   
     0.67 *** 0.37   0.08   0.15   
     0.00   0.44 * 0.06   0.07   
     0.86 *** 0.44 * 0.46 ** 0.33 * 
     0.10   0.00   0.30 * 0.06   
     0.18   0.44 * 0.00   0.07   
     0.30 * 0.33   0.38 * 0.15   
     0.54 ** 0.56 * 0.44 * 0.04   
     0.34 * 0.00   0.27   0.00   
     0.34 * 0.00   0.27   0.25   
     0.30 * 0.13   0.38 * 0.17   
Table 4.13: Epilocus by epilocus Φpt values from tail tissue samples for the F2.  Lowest values are 
shown in green, highest in red.  Only those loci which are significantly elevated in at least one comparison 
are shown.  
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Differentiation between the F6 and the F2 tail tissue samples showed a larger number of epiloci 
which were significantly differentiated (Table 4.13).  Overall, 14 epiloci had a significantly elevated 
Φpt in 3 of the 4 pairwise comparisons, while an additional 6 epiloci had a significantly elevated Φpt 
in all 4 comparisons.   
 
4.4.2.4 Principal coordinates analysis 
PCoA was used to further examine the extent of epigenetic 
differentiation between selection lines and, for the tail tissue 
samples, the F2 (Figure 4.6).  In analysis of the brain tissue, the 
S2 samples clustered separately from the other three lines. 
However, there was no separation between the L1, L2 and S1.  
Although there is some overlap, the PCoA of samples from the 
gonads shows separation between the large selected lines and 
the small selected lines.  A similar pattern of structuring can be 
seen in the analysis of samples from the liver, though the overlap 
is greater in the latter tissue.  In tail tissue, none of the F6 
selection lines clustered separately, though F2 samples did 
cluster separately from F6 fish.   
Figure 4.6: PCoA showing structure of selection lines.  
Figure 4.7: Frequency of 
methylation at MSL 312 in 
samples from the liver tissue.  
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Table 4.14:  Outliers identified by Mcheza.  Only those epiloci which were identified as an outlier in at least one pairwise comparison are shown.  Grey boxes mark outliers 
with a p ≤ 0.05  
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4.4.2.5 Epigenetic outlier analysis  
For each of tissues analysed, the two large replicates were compared against each of the small 
replicates in both BayeScan and the Mcheza (4 comparisons per tissue type).  In addition, for the 
samples from the tail tissue, each of the four selection lines was compared to the F2.  BayeScan did 
not identify any outlying epi-loci across any of the comparisons.  Mcheza identified 59 epiloci that 
were outliers in at least one of the comparisons that represented 40 MSL (Table 4.14).  However, 
only one epilocus (m312) was identified as an outlier all of the 4 comparisons for each tissue.  As 
can be seen in Figure 4.7, the frequency of full methylation in liver at locus 312 was significantly 
higher in the large line (X
2
= 24.932, p ≤ 0.001), while the frequency of no methylation was 
significantly higher in the small line (X
2
= 13.717, p ≤ 0.001).   
 
4.5 Discussion 
This chapter examined the contribution of DNA methylation to the observed phenotypic variation 
between the large and small guppy selection lines and assessed the effect of imposing selection on 
the level of DNA methylation.  MSAP was used to assess DNA methylation in four tissue types from 
fish in small and large-selected lines of P. reticulata (van Wijk et al. 2013), and in fish from before 
and after selection was imposed.  The results indicate that DNA methylation in the guppy is tissue-
specific with the pattern of methylation observed in the brain being significantly different from the 
pattern seen in samples taken from liver, tail and gonads.  No significant differences in the level of 
methylation were observed between the large and small selection lines, suggesting that methylation 
at these loci did not contribute to the phenotypic shifts in the life history traits observed.  The 
fragments examined here represent less than 0.34% of the potential EcoRI-HpaII/MspI fragments, 
and a considerably smaller proportion of the CG sites in the guppy genome.  It is therefore not 
possible to be certain that the overall genome wide level of methylation is not associated with the 
selection regimes, using the available data.  Only one of the epiloci analysed (m312) showed 
variation in the level of methylation which was consistent between the selection lines.  
 
4.5.1 Scoring methylation sensitive amplified polymorphisms 
While MSAP has been widely used to examine variance in methylation there is still little consistency 
in how the resulting peaks are scored and analysed (Schulz et al. 2013).  To date, five different 
scoring techniques have been described, which provide the user with different levels of information.  
The need to determine the appropriate scoring technique arises from the necessity of transforming 
the four state matrix produced by the fragment analysis into a binary data format which can be 
statistically analysed.  The four states which can be obtained from the fragment analysis are: 
MspI+/HpaII+, MspI+/HpaII-, MspI-/HpaII+ and MspI-/HpaII- with each state resulting from a 
different methylation pattern at the locus in question (see Table 4.1).  When both enzymes cannot 
cut, (MspI-/HpaII-), it is not possible to distinguish between sequence variation and some types of 
methylation and therefore all of the scoring techniques treat individuals with this banding pattern as 
uninformative.   
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Of the five scoring techniques previously used only two have been widely used for analysis of 
methylation (Salmon et al. 2008, Herrera and Bazaga 2010, Paun et al. 2010, Vergeer et al. 2012, 
Yan et al. 2014, Medrano et al. 2014, Schulz et al. 2014, Sun et al. 2014, Wenzel and Piertney 
2014, Avramidou et al. 2015, Nicotra et al. 2015).  The first only distinguishes between methylated 
and non-methylated fragments by scoring MspI+/HpaII- and MspI-/HpaII+ fragments as present 
(‘1’), MspI+/HpaII  fragments as absent (‘0’) and MspI-/HpaII- fragments as missing data (‘N A’).  
The limitation of this technique, however, is that the methylation pattern which produces 
MspI+/HpaII- fragments is expected to be different from the pattern which produces MspI-/HpaII+ 
fragments.  By grouping MspI+/HpaII- and MspI-/HpaII+ together, it is possible that variation in the 
pattern of methylation between populations could be missed (Lira-Medeiros et al.  2010; Schulz et 
al.  2013).  The second scoring technique, therefore, creates up to three epiloci each of which is 
then scored according to the presence or absence of the methylation type for that epilocus (Schulz 
et al. 2013, 2014, Medrano et al. 2014, Sun et al. 2014, Avramidou et al. 2015). When using such 
an approach, an unmethylated epilocus would be scored according to the presence or absence of 
an MspI+/HpaII+ fragment (the presence of which would indicate an unmethylated site).  A 
methylated epilocus would be scored according to the presence or absence of an MspI+/HpaII- 
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Figure 4.8: Figure showing how two CCGG cut sites can produce all four possible banding patterns when 
cut with HpaII and MpsI.  C
m
 denotes a methylated cytosine, / denotes where the MspI enzyme would cut, / 
denotes where the HpaII enzyme would cut and GAATTC is the EcoRI cut site.  a) If there is no methylation 
at either cut site digestion with the two enzymes will cut at the first site producing two small fragments.  If 
studying the long fragment only, a banding pattern of HpaII - / MpsI - will be produced b) If the internal C in 
the first cut site is methylated, the HpaII digest will cut at this site producing a short fragment while the MspI 
digest will not cut at the first site but will cut the second site.  The banding pattern at the long fragment will 
therefore be HpaII + / MpsI -.  c) If the first site is fully methylated while the second has methylation at the 
internal C the resulting digests will produce a banding pattern at the long fragment of  HpaII - / MpsI +. d) 
Finally if the first site is fully methylated and the second site has no methylation a long fragment will be 
produced by both digests giving a long fragment banding pattern of HpaII + / MpsI +.   
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fragment (the presence of which would indicate a methylated site).  A hemi-methylated locus would 
be scored according to the presence or absence of an MspI-/HpaII+ fragment (the presence of 
which is thought to indicate a hemi-methylation of the external C) (figure 4.8).  As the remaining 
three scoring techniques either only consider genetic variation (Lira-Medeiros et al.  2010) or have 
not been widely used they will not be discussed here, although a detailed review can be found in 
Schulz et al.  (2013).   
 
In our examination of methylation patterns in the guppy, we used the second technique to score the 
bands produced by the MSAP analysis.  The third epilocus category produced with this technique 
has been purported to describe the presence or absence of hemi-methylation at the external C.  As 
the cut site of the two isoschizomers is 5’-CCGG-3’ methylation of the external C would represent a 
case of CpHpG methylation.  According to the results of our analyses if the hemi-methylated 
banding pattern only represents methylation at the external C, then CpCpG methylation occurs at a 
frequency of between 7.2% and 10.4% in the guppy genome (Figure 4.2). Such an estimate is 
significantly higher than previous estimates of non-CpG methylation in vertebrates, which yields a 
frequency of CpHpG methylation of 1.22% in fish and 0.17-0.30% in other vertebrates (Feng et al. 
2010).  Although the frequency of apparently hemi-methylated fragments in our analysis is similar to 
that found in other studies which utilise the MSAP (Yang, Zhang, et al. 2011, Sun et al. 2014, 
Wenzel and Piertney 2014), to our knowledge no study using a different technique to study 
methylation has found such high levels of non-CpG methylation in vertebrates.  The ambiguity in the 
level of non-CpG being reported with MSAP brings into question how else the MspI-/HpaII+ banding 
pattern could be produced. 
 
While it is possible that the lack of an MspI band at these sites is caused by ineffective cutting, the 
high level of repeatability observed here and in other studies indicates that cutting error is unlikely. 
The most likely explanation is the presence of a second 5’-CCGG-3’ cut site closer to the EcoRI cut 
site which has varying levels of DNA methylation (Fulneček and Kovařík 2014).  If two CCGG sites 
were present, figure 4.9, b illustrates how such an HpaII+/MspI- banding pattern could be generated 
from the methylation of an internal C.   
 
It should be noted that, if methylation of an internal C could generate a HpaII+/MspI- banding 
pattern, where internal cytosine methylation did result in a HpaII+/MspI- banding pattern (as in 
Figure 4.9, b), a second shorter fragment with the HpaII-/MspI+ would also be produced.  Analysis 
Figure 4.9: Fragments produced from a combined HpaII and MspI digest.  A fragment with two cut sites close 
together would produce only a short fragment, while a fragment with only one hemi-methylated site would only 
produce a long fragment.   
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of the short fragment would appear to falsely indicate that it resulted from methylation of the internal 
cytosine at the second cut site.  While only considering either the short or long fragment resulting 
from the sequence, it would be appropriate to simply accept all four possible banding patterns as 
four different epiloci, as they would result from varying levels of methylation at the two cut sites.   
However, if all CCGG sites in the genome were to be considered, it is possible that both the long 
and short fragment would be considered as separate epiloci, leading to incorrect interpretation of 
the methylation pattern, or potentially one CC
m
GG being analysed twice.   
 
Fulneček & Kovařík (2014) suggested that running an additional digestion with both enzymes could 
be one way of determining whether a HpaII+/MspI- banding pattern is the result of C
m
CGG 
methylation or CC
m
GG methylation.  Using this technique, a sequence with two CCGG sites where 
the first one is internally methylated would produce only a short fragment, while a site with only one 
CCGG site where the external C is methylated would produce only a long fragment (Figure 4.9).      
 
Most MSAP analyses utilise multiple selective PCR primers in order to reduce the number of 
fragments analysed and in some cases the results from these primers are combined for analysis.  
Our results are based only on data from one pair of selective primers which considerably reduces 
the likelihood of having analysed both the short and long fragment from a pair of cut sites.  It is, 
however, more likely that the high number of HpaII+/MspI- fragments seen in our analysis result 
from CC
m
GG methylation which has a second cut site nearby than from a large number of sites with 
a C
m
CGG pattern of methylation.     
 
When considering the biological function of the methylated sites it is important to question  whether 
it is appropriate to separate the HpaII+/MspI- and HpaII-/MspI+ banding patterns if both result from 
CC
m
GG methylation.  However, it should be noted that although the HpaII+/MspI- does result from 
CC
m
GG methylation, these bands must also contain one unmethylated CCGG site.  Therefore, 
when examining the global pattern of methylation, it would not be appropriate to separate out the 
two banding patterns but instead to add one unmethylated and one methylated site for each 
HpaII+/MspI- banding pattern.  However, when analysing loci individually (e.g. for outlier analysis), it 
would not be appropriate to combine HpaII+/MspI- and HpaII-/MspI+ banding patterns as, although 
both result from CC
m
GG methylation, the cut site producing the two different patterns must be 
different.  In our study we analysed the global methylation frequency by considering the 
HpaII+/MspI- banding pattern both separate from the HpaII-/MspI+ and combined with the 
methylated and unmethylated sites.  By doing this we were able to show that there was no bias in 
considering the HpaII-/MspI+ separately in our data.    
 
Despite the fact that it is more likely that HpaII+/MspI- represent internally CC
m
GG than hemi-
methylated C
m
CGG, it is not possible to confirm this from the available data.  Therefore, for the 
remainder of the discussion, sites with a HpaII+/MspI- will still be referred to as hemi-methylated, 
while sites with a HpaII-/MspI+ will be referred to as fully methylated.   
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4.5.2 Tissue-specific DNA methylation 
The results of our study identified tissue-specific DNA methylation in three of the four selection 
lines.  When the data from all four lines was analysed together, significant variation in the level of 
DNA methylation was observed.  Analysis of the epigenetic structure between the tissues revealed 
significant variation between the brain and the other three tissues studied.   
 
Variation in the pattern of DNA methylation has been identified in many other species (Yang, 
Zhang, et al. 2011, Rodríguez López et al. 2012, Sun et al. 2014, Covelo-Soto et al. 2015), though 
not in many fish. Where variation has been investigated, eye, brain, liver and muscle tissues 
exhibited distinct patterns of DNA methylation in salmon (Rodríguez López et al. 2012), whereas in 
the closely related brown trout, liver, heart and kidneys showed very similar methylation patterns, 
while brain and muscle tissues yielded distinct patterns (Covelo-Soto et al.  2015).  The sensitivity 
of our analysis to detect tissue-specific methylation patterns in P. reticulata provides evidence of the 
utility of the MSAP technique as a method of studying patterns of methylation in selection lines.  
The results of our study and those elsewhere also highlight the need to choose the tissue used to 
study DNA methylation with care and ideally examine more than one tissue type wherever possible.   
 
4.5.2 Patterns of DNA methylation between the selection lines 
When considering the impact of genome wide methylation on body size in our selection lines, based 
on the frequency of methylation discussed above, there are only two cases where methylation could 
be associated with body size.  The frequency of hemi-methylation was significantly higher in the 
gonad tissue of the large lines, while the frequency of full methylation in the tail tissue was 
significantly higher in the small lines.  The frequency of no methylation also varied significantly 
between the large and small lines, values for the L2 and S1 were the same, therefore it is unlikely 
that the observed variation is linked to body size.  Despite the observed frequency differences in the 
frequency of hemi-methylation and full methylation, analysis of the Φpt values and the PCoA 
suggest that there is no global epigenetic structure present between the selection lines.  The results 
of the analysis of DNA methylation in our selection experiment therefore support the conclusion that 
variation in the levels of genome wide DNA methylation does not play a significant role in the 
variation in life history traits observed between the selection lines studied here.    
 
The majority of genetic change observed between the selection lines has been mapped to the sex 
chromosome (Fraser et al. 2014). However, as discussed in Section 2.5.3, a large portion of the Y 
chromosome in guppies is pseudoautosomal and recombines with the X chromosome.  In addition, 
both our study and previous work (van Wijk 2011a) identified candidate SNPs located on the 
autosomal chromosomes.  Therefore, the lack of observed variation in life history traits in the female 
fish would suggest that regulatory changes are playing a role in the variation observed.  Indeed, the 
high level of plasticity observed in body size and other life history traits (Nylin and Gotthard 1998, 
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Wiens et al. 2014, Baker et al. 2015) makes it extremely likely that regulatory mechanisms do play a 
role in determining traits such as body size, at least within the context of selection and genomic 
backgrounds examined here.  These regulatory mechanisms will be underpinned by both genetic 
changes to regulatory regions of genes and epigenetic changes, such as DNA methylation.    
 
Although recent studies in which the level of DNA methylation has been experimentally manipulated 
have indicated that the global DNA methylation can influence quantitative traits like body size 
(Alvarado et al. 2015), it is more likely that locus-specific and not genome wide methylation is 
responsible for the regulatory role DNA methylation has on body size.  The results of our study 
suggest that the level of methylation at locus 312 is playing a role in the variation observed between 
the selection lines.  Further analysis of this locus would determine whether it was linked to a 
candidate gene which in turn is linked to a life history trait such as body size.  It is also notable that 
the variation in methylation observed at this locus was only present in the liver, which again 
highlights the necessity of analysing a range of tissues when studying DNA methylation.      
 
 Genetic change in both coding and regulatory regions can and does control body size in most 
species, however given the complexity of the trait and the number of factors which can influence it, 
epigenetic change should also be expected to play a part.  Several studies have now shown that 
DNA methylation can affect body size (Wolff et al. 1998, Zhong et al. 2014, Alvarado et al. 2015, 
Cao et al. 2015).  It is therefore extremely likely that DNA methylation can and does control body 
size and other life history traits in vertebrates, and that DNA methylation is contributing to the 
observed shifts in life history traits observed in our study.  However, the genetic variation observed 
between the selection lines appears to be much greater than the epigenetic variation and therefore, 
the observed shifts in life history traits over the course of our selection experiment are thought to be 
primarily underpinned by genetic change.    
 
4.5.3 Changes in DNA methylation patterns after selection 
We examined changes in methylation which occurred over the course of the experimental selection 
by comparing the pattern of DNA methylation in tail tissue from the F2 (before selection generation) 
and F6 generations, that is, the four selection lines following selection.  Over the course of the 
experimental selection, the level of fully methylated sites increased in all four selected lines (Figure 
4.5).  In addition, a PCoA of all tail tissue samples shows separation between the F2 and the F6 fish.  
As shown by earlier analysis have shown (see Section 2.4), significant genetic differences exist 
between the F2 fish and the F6 fish in all four selection lines.  It could, therefore, be possible that the 
results of the segregation in the PCoA are caused by variation between the F2 and the F6 as a direct 
result of these genetic differences.  However, the frequency of uninformative sites (sites which 
produce no band and could be the result of a fully methylated site or a sequence change) does not 
differ significantly between the F2 and the F6 fish and genetic variation would not explain the 
increase in the frequency of fully methylated sites observed.     
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There are two possible explanations for the increase in frequency of methylation between the F2 
and the F6 fish.  The first considers the stress the experimental selection may have caused during 
the experiment and the potential for DNA methylation to be underpinning adaptation to captivity.  
Environmental stress has been shown to induce changes in DNA methylation (Labra et al. 2002, 
Steward et al. 2002, Sollars et al. 2003, Anway et al. 2005, Meaney and Szyf 2005, Brown et al. 
2009, Boyko et al. 2010, Herrera and Bazaga 2010, Verhoeven et al. 2010, Vandegehuchte and 
Janssen 2011).  The stress of handling to fish, and perhaps changes in the water chemistry (which 
would have had an equal effect on all selection lines), may have triggered an increase in the level of 
methylation. Adaptation to captivity is a widely recognised phenomenon which will have taken place 
in our experiment.  The three generations of random breeding and controlled environment utilised 
throughout the selection experiment mean that adaptation to captivity should not have played a role 
in the variation in phenotypic traits observed between the F6 selection lines.  However the variation 
in methylation observed between the F2 and the F6 fish may be the result of ongoing adaptation to 
captivity which is underpinned by DNA methylation rather than genetic change.           
 
It is equally plausible that the observed variation arises from sampling variance.  Due to the timing 
of the experiment, the samples taken from the F2 fish were taken very shortly after the fish had 
reached maturation, while samples were taken from the F6 fish when they were between 1 and 2 
years old.  The evidence that DNA methylation patterns change with age is undeniable (reviewed in 
Jung & Pfeifer 2015). Indeed, in humans, methylation patterns at specific loci can be used as 
predictors of age (Bekaert et al. 2015, Zbieć-Piekarska et al. 2015).  Although age-related 
methylation studies in fish have primarily focused on methylation patterns during early development, 
(Mhanni and McGowan 2004, MacKay et al. 2007, Rai et al. 2007, Wu et al. 2011), it would not be 
surprising to find variation in the patterns of methylation that younger and older fish exhibit.  Further 
studies of the changes in the pattern of methylation with age in guppies would help to clarify 
whether the observed changes between the F2 and the F6 generations are a result of stress or 
variation in the age of the fish.    
 
The selection experiment also included a control line which was not utilised in the analysis of this 
thesis.  The control line was subjected to selection at the same time as the large and small lines, 
but the selection was random.  The analysis undertaken by van Wijk (2011) showed that, while the 
body size of fish in the large selected line increased and in the small selected line decreased, the 
body size in the control line did not change.  Therefore by analysing DNA methylation in the fish 
from the control selection line it would have been possible to further explore the potential effect 
adaptation to captivity has had on the methylation patterns.  However, as the fish from the control 
line were sampled at the same age as the fish from the selection lines, it is unlikely that it would 
have been possible to distinguish between the effects of sampling variance and adaptation to 
captivity.    
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4.5.4 DNA methylation and fisheries-induced evolution 
The results of both our study and those of van Wijk (2011) show that size selective harvesting can 
induce genetic change in genes underpinning life history traits such as body size and maturation.  
The analysis of DNA methylation patterns following experimental size selection show that the 
effects of genetic change in our experiment are greater and more consistent than the epigenetic 
change examined here.  However, there is potential for selection to influence epigenetic 
modifications in wild populations (Angers et al. 2010, Verhoeven et al. 2010, Massicotte et al. 
2011), and in turn, for these epigenetic modifications to be playing a role in the shifts in life history 
traits we are seeing in exploited populations of fish.   
 
The term ‘fisheries-induced evolution’ implies that size selective harvesting imposed by fisheries 
acts as a strong selection pressure and drives the evolution of smaller body size and an earlier 
maturation age (amongst other traits).  At present this definition focuses on the evolutionary effect 
harvesting can have on the genetics of exploited populations.  The rise in awareness of the 
potential role of epigenetics has led to consideration of the possibility of selective pressures driving 
evolution on epigenetic variation as well as genetic variation (Angers et al. 2010, Verhoeven et al. 
2010, Massicotte et al. 2011).  For selection to act on variation in patterns of DNA methylation, 
there are three key conditions which must be fulfilled: (1) methylation marks must exhibit 
transgenerational inheritance, (2) variation in levels of DNA methylation which cause or contribute 
to phenotypic variation must be observed, and (3) there must be natural variation in the patterns of 
DNA methylation in wild populations.  Whilst there are several studies that provide evidence of 
changes in the level of DNA methylation being passed from parent to offspring or even into the F3 
generation (Molinier et al. 2006, Vaughn et al. 2007, Johannes et al. 2009, Whittle et al. 2009, 
Franklin and Mansuy 2010, Skinner 2010, Verhoeven et al. 2010), very few have assessed the 
inheritance of methylation changes over more generations (Grossniklaus et al. 2013).  As already 
discussed, there is a significant body of evidence that DNA methylation can influence phenotypic 
traits and the rapidly expanding field of ecological epigenetics has provided several examples of 
naturally occurring epialleles (Bossdorf et al. 2007, Massicotte et al. 2011, Kilvitis et al. 2014).  One 
example that appears to fulfil all of the criteria, is the epimutation in the colourless non-ripening 
(Cnr) tomato.  Manning et al.  (2006) showed that the Cnr epimutation inhibits normal ripening and 
causes colourless tomatoes.  It also exhibits transgenerational inheritance and substantial natural 
variation.  If epigenetic variation can form the base for natural selection, it follows that the selection 
pressure arising from harvesting could similarly select for epialleles, as well as allelic variation in 
coding genes. .   
  
Another way that DNA methylation could influence shifts in life history traits in exploited populations 
would be through the increased stress experienced by these populations.  Fishing is expected to 
cause stress directly through the process of catching the fish and the stress caused to escapees 
from fishing gear, but also indirectly through the detrimental effect certain types of fishing gear can 
have on the environment (Hiddink et al. 2006, Clark et al. 2015).  Given the large body of evidence 
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that environmental stress can modify DNA methylation, there is potential for these stressors to be 
changing DNA methylation patterns. 
 
Finally, even if natural selection does not act directly on epigenetic mutations to drive evolutionary 
change, changes in DNA methylation have been shown to lead to genetic change (Shen et al. 
1994).  Therefore, anything which results in a change in the level of methylation, for example stress 
caused by fishing, may also lead to increased genetic variation for natural selection to act on.  
 
4.5.5 Concluding remarks  
To summarise here we show the shifts in life history traits observed following the selection 
experiment on guppies are primarily underpinned by genome wide genetic change rather than 
epigenetic change.  It is extremely unlikely that epigenetic modifications such as DNA methylation 
do not play a role in body size and timing at maturation, however these are likely to be locus or epi-
locus specific.  Finally the potential for DNA methylation to be contributing to rapid evolutionary 
change highlights the importance of considering the role of epigenetic changes in FIE.    
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Chapter 5. General Discussion 
5.1 Abstract 
Having shown that size selective harvesting can be underpinned by genome wide changes, the 
following chapter examines the limitations and wider applications of the study before considering 
possible future research.  The main limitations of the study are the design of the selection 
experiment, the ability of Fst outlier analyses to identify the loci underpinning complex polygenic 
traits and the lack of transcriptomic analysis.  Discussion of the wider implications of the study 
examines the contribution of the results to fisheries induced evolution, the wider impacts of size-
selective predation and the contribution of epigenetics to traits such as body size.  Future research 
in the field of fisheries induced evolution should include a focus on the recovery potential of 
harvested populations and potential management strategies.  To be able to identify the loci 
underpinning body size and maturation in the guppy, it will be necessary to obtain a reference 
sequence for the Y-chromosome.   
 
5.2 Overview of key findings  
The results described herein focused on genome-wide effect of size-selective harvesting by using a 
reduced representation sequencing approach that identified 37 SNPs associated with shifts in life 
history traits.  Furthermore, the recently sequenced guppy reference genome (Fraser et al. 2014) 
enabled SNP identification and functional analysis of those genomic regions  under selection.  
 
The majority of SNPs showing signs of selection (86%) were located on the sex chromosome 
(chromosome 12), though signs of selection were also identified on chromosomes 3, 11, 14, 17 and 
23.  The large number of SNPs showing signs of selection that were located on the sex 
chromosome confirms the sex-linked control of body size, however it is not possible to rule out the 
effect of reduced recombination falsely inflating the Fst.  The genomic response to selection for large 
size appeared to be much stronger than the genomic response to small size.  Although we were 
able to identify SNPs associated with shifts in life history traits, functional analysis of the genes 
these SNPs were located in revealed no specific metabolic pathway associated with body size or 
timing of maturation.  However given the increased level of linkage that is expected on the sex 
chromosome it is likely that some of the candidate genes on this chromosome are under selection, 
and that the SNPs identified are in linkage with the causal variant.   
 
Once SNP-associated genomic regions under selection had been identified, they were then 
screened in wild populations of guppies exhibiting similar patterns of life history variation associated 
with size-selective predation.  Analysis of these SNPs was unable to identify consistent signs of 
selection in any of the wild populations sampled.  There are thought to be two reasons why SNPs 
showing selection in the selection experiment did not show consistent signs of selection in the wild 
populations.  Firstly, the linkage between SNPs in the wild populations is likely to be a lot lower than 
 156  
  
in the fish sampled following the selection experiment. Secondly, given the polygenic nature of life 
history traits there will be a various combinations of alleles which could produce the same 
phenotype.  Previous studies looking for signs of selection in wild populations of guppies found little 
evidence of parallel genetic evolution, despite obvious parallel phenotypic evolution (Fraser et al. 
2014).  Based on the hypothesis of little parallel genetic evolution between the wild populations, it 
follows that the genes underpinning the shifts in life history traits seen in our selection lines are not 
the same as the genes underpinning the variation in life history traits seen in the wild populations.   
 
The aim of the final data chapter presented was to examine the role that regulatory changes may 
have played in the phenotypic shifts observed.  Analysis of DNA methylation patterns in the F2 
(before selection) and F6 (after selection) generations found no significant variation in the overall 
level of methylation at the 91 loci examined that was associated with the observed phenotypic 
shifts.  At one locus the pattern of DNA methylation was significantly higher in the fish from the large 
selection regime, suggesting that while genome wide patterns of methylation have had little effect, 
locus-specific methylation is playing a role.  The genome wides pattern of DNA methylation did 
change significantly between the F2 and the F6, although the magnitude of the changes was the 
same across all selection lines.  Given the history of the experimental fish used in the van Wijk et al.  
(2013) study, the changes in methylation between the F2 and the F6 are likely to be the result of 
ongoing adaptation to captivity.   
 
5.3 Limitations of the study 
5.3.1 The selection experiment 
The selection experiment discussed here was the first to provide evidence of genetic change 
associated with phenotypic change as a result of harvesting.  There are, however, several factors 
which limit the wider applicability of the study.  When considering the selection experiment itself 
there are two points which must be considered.  The first of these is the population structure used in 
the study.  The experimental set up used in both the current study and by Conover and Munch 
(2002) involved selection on discrete generations and species with short generation times, however 
such a setup is not representative of the true scenario seen in commercially harvested populations.  
However, although the experimental setup used is a simplified version which limits ecological 
feedback, it is expected that this would reduce the efficiency of selection and increase the 
timeframe required to see such a significant phenotypic and genetic response (Conover and Munch 
2002, Conover and Baumann 2009b).  Wild populations have been subjected to size selective 
harvesting for considerably longer.  Therefore, although the magnitude of change will be reduced, it 
is unlikely that it would be completely absent.  The phenotypic and genetic changes seen in wild 
guppy populations (with overlapping generations and ecological feedback), in response to changes 
in predation support such a conclusion (Reznick and Ghalambor 2005). 
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The second issue which leads to questions about the applicability of the study to commercially 
harvested fish populations, is the harvesting of only males and the potential Y-linkage of the life 
history traits being examined.  The results from the initial experiment (van Wijk et al. 2013) and 
those discussed in the current thesis (although see section 2.5.3) suggest that a number of the loci 
under selection are located on the Y-chromosome.  Harvesting in the wild is not limited to males 
and it is unlikely that such a level of sex linkage is present.  As with the experimental setup, it is 
likely that the Y-linkage will have accelerated the effect of selection in the current study in 
comparison to wild populations.   
 
5.3.2 Identifying signs of selection 
Throughout the current project Fst outlier analyses have been used to identify signs of selection 
however these techniques have been criticised.  The main criticisms focus on the large numbers of 
false positives detected by the various methods primarily as a result of models which don’t fit the 
true demographic history (Narum and Hess 2011, Vilas et al. 2012, Bierne et al. 2013, De Mita et al. 
2013, Fourcade et al. 2013, Lotterhos and Whitlock 2014).  The large discrepancy between the 
numbers of outliers detected by different techniques in the present study suggests that many of 
these were false positives.  Although detection of false positives can be reduced by comparing the 
results of multiple methods (Pérez-Figueroa et al. 2010b) and studying several pairs of populations 
(Vilas et al. 2012) the results from these analyses should be treated with caution and investigated 
further wherever possible.   
 
However of greater significance to the current study, and perhaps the future of the Fst outlier 
approach, is that this approach is only likely to identify large effect loci (Pritchard and Di Rienzo 
2010, Lotterhos and Whitlock 2014).  These methodologies are unable to selection on small effect 
loci and particularly covariation between such loci.  Quantitative traits (including body size and age 
at maturation) are expected to be polygenic with adaptation of these traits being underpinned by 
subtle differences in a large number of covarying alleles (McKay and Latta 2002, Hancock et al. 
2010, Nadeau and Jiggins 2010, Pritchard and Di Rienzo 2010, Yang et al. 2010, Le Corre and 
Kremer 2012, Messer and Petrov 2013, Bourret et al. 2014).   
 
Their importance and prevalence in nature has led to the development of several methods to try 
and identify the genetic underpinning of such complex polygenic traits.   One approach, known as 
genomic partitioning, groups loci by proximity and examines how much of the phenotypic variance 
observed can be explained by each group of loci (Yang, Manolio, et al. 2011, Robinson et al. 2013, 
Santure et al. 2013).  Although genomic partitioning can be used to show that a trait is underpinned 
by a large number of small effect loci and identify regions of the genome which require further 
investigation (Robinson et al. 2013, Santure et al. 2013), this approach can’t identify covariation in 
loci which are not in close proximity or determine the causal variants.  Bourret et al. (2014) used a 
similar approach to genomic partitioning. However, instead of using proximity, loci were partitioned 
using a principle components analysis, allowing the identification of covariation.  Another method 
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used to identify covarying small effect loci is a random forest algorithm which uses a tree-based 
ensemble machine learning tool to examine the link between phenotype and multiple SNPs 
(Boulesteix et al. 2012, Stephan et al. 2015, Wellenreuther and Hansson 2016).  Random forest has 
been used for a while to identify the loci underpinning polygenic traits used in medicine  (Shi et al. 
2005, Cordell 2009, Tang et al. 2009, Xu et al. 2011) but has only recently started being used in 
wild populations (Holliday et al. 2012, Brieuc et al. 2015, Hornoy et al. 2015, Laporte et al. 2015, 
2016, Pavey et al. 2015).   
 
Due to the polygenic nature, complex traits such as body size and age at maturation Fst should no 
longer be considered the best approach to identifying the loci under selection.  However, it is 
unlikely that there will be one method which can be applied to all scenarios and therefore, in most 
cases, a combination of approaches will be optimal (Sork et al. 2013, Bourret et al. 2014, Wenzel 
and Piertney 2014, Laporte et al. 2015).    
 
5.3.3 Transcriptomic analysis 
Even with the development of new techniques for detecting signs of selection, whether those loci 
are underpinning polygenic or mendelian traits, it will not be possible to say for certain what effect 
these loci are having on the trait in question using DNA analysis alone.  In human disease genetics 
identification of pathogenic variants is carried out by using functional analysis which can include: 
analysis of gene expression; examination of sequence homology; predictions of protein features; 
biochemical studies and protein interactions (Rugarli 2006).  Such a comprehensive level of 
analysis for all of the potential loci identified here would have been beyond the time frame and 
budget of this project.  However, analysis of the transcriptome or the specific transcripts of the loci 
identified would have provided further evidence that these loci were contributing to the observed 
shifts in life history traits.   
 
Comparative transcriptomics has been used to identify loci under selection in a number of different 
species (Güimil et al. 2005, Andersen et al. 2008, Chen et al. 2008, Whitehead et al. 2010, Baldo et 
al. 2011, Koenig et al. 2013).   If the candidate loci have already been identified, quantitative 
reverse-transcription PCR (RT-PCR) can be used to compare the level of gene expression at these 
loci between populations, species or before and after treatment (Güimil et al. 2005, Lelandais et al. 
2008).  If a reference genome is available, it can be used to design a microarray to examine a large 
number of loci across the genome (Oleksiak et al. 2002, Gilad et al. 2006, Hoffmann and Willi 
2008).  As with DNA analysis, the advent of next-generation sequencing has, combined with RT-
PCR, enabled the analysis of large numbers of loci in significant numbers of individuals where no a 
priori knowledge of the genome is available (Chen et al. 2008, Baldo et al. 2011).  In our study, 
transcriptome analysis could have provided information about the variation in expression levels 
between the selection lines and about the changes in expression levels over the course of the 
experiment.  Furthermore, as gene expression varies between tissues, transcriptome analysis of 
multiple tissues could have provided additional information on the tissue variation identified in the 
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DNA methylation analysis.  Unfortunately, due to the timing and practical constraints of the 
experiment, the samples collected during the experiment were not appropriate for RNA extraction.  
The selection experiment was brought to an end by the outbreak of a disease (Mycobacterium 
marinum) which led to the death of a number of fish.  Although the bodies of all fish were preserved, 
variation in the timing of the deaths and the preservation method used during this period (100% 
ETOH) rendered transcriptome analysis impossible.      
 
5.4 Importance of the guppy sex chromosome  
As mentioned previously, the majority of the SNPs showing signs of selection in the study 
presented here were located on the sex chromosome (chromosome 12).  Previous work has 
identified QTLs linked to body size on the sex chromosome, though there remains much that is 
unknown about the evolution of this chromosome, particularly in the degree of linkage.  
 
Early studies utilised linkage mapping to identify 3 distinct regions on the sex chromosome, two 
male-specific non-recombining sections (MSNR1 and MSNR2) separated by a freely recombining 
section (FR) (Tripathi et al.  2009a, b).  These studies showed that while recombination across the 
whole chromosome (between the X and Y) is reduced compared to the autosomes, recombination 
takes place freely in the FR region and although very rare, is not completely absent in the MSNR1.  
MSNR2, thought to be located at the distal end of the chromosome, was identified as the diverged 
section of the chromosome where the sex loci and previously identified Y-linked colour loci (Winge 
and Ditlevsen 1947, Haskins et al. 1970) could be found Tripathi et al. (2009a).   
 
Contrary to this, cytological studies had found regular pairing and association between the distal 
end of the X and Y, suggesting regular recombination in this region (Traut and Winking 2001, 
Nanda et al. 2014).  This discrepancy was explained by Lisachov et al.  (2015) who found a fourth 
freely recombining region located below the MSNR2 at the distal end of the Y chromosome which 
had not been identified previously due to a lack of markers.  They further hypothesised that the 
reduced level of recombination found in the MSNR1 was a result of the suppressive effect of the 
centromere, rather than a lack of sequence homology.  It is likely, however, that such a lack of 
recombination has led to some divergence between the X and Y chromosomes in this region. 
 
The lack of conclusive information about the degree of recombination between the X and the Y 
chromosome makes it difficult to determine how far the linkage between the causal variant and the 
SNPs identified here extends.  For example if, as suggested by previous studies (Nanda et al. 2014, 
Lisachov et al. 2015), the majority of the chromosome is pseudoautosomal and freely recombines 
between the X and the Y, then it is likely that the SNPs identified here are linked to several different 
causal variants across the chromosome.  However, if the level of recombination across this 
chromosome is reduced, then the sections of the chromosome in linkage will be longer and the 
SNPs identified here linked to only a small number of causal variants.   
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The issue of how many causal variants are present on the sex chromosome is also complicated by 
the lack of knowledge about the reference sequence for this chromosome.  As the reference 
genome was created from only one female fish, it is unlikely that it contains any Y-specific 
sequences.  Furthermore the reference sequence from the sex chromosome is incomplete (Axel 
Künster, personal communication), and it is unknown which section/s of the chromosome (FR1/FR2 
etc) sequences represent.  In order to fully clarify how many variants are under selection, both in 
the experiment described here and in wild populations, it will be necessary obtain a full sequence of 
the Y chromosome and to obtain a full understanding of the level of recombination between it and 
the X chromosome. 
 
5.5 Wider ecological impacts of size-selective predation 
The evidence presented here and in previous studies (Conover and Munch 2002, van Wijk et al. 
2013) has shown the direct impacts size selective harvesting can have on life history traits.  It is 
important, however, to consider the effects that size selective predation can also have on the wider 
ecosystem.  The natural variation in predation regime across wild populations of guppies provides 
an ideal model for examination of such ecological effects.   
 
Initial studies of ecological change showed that the release from predation that occurs between 
lowland and upland sites in wild guppy populations (higher predation in lowland sites, lower 
predation in upland sites) leads to shifts in diet type and consumption rate (Palkovacs et al. 2009, 
2011) and, in turn, some associated shifts in ecosystem structure (algal and invertebrate biomass) 
and function (primary productivity, decomposition rates and nutrient cycling) (Bassar et al. 2010).  In 
sites with high levels of predation, guppies were found to primarily consume invertebrates rather 
than algae, which led to lower levels of leaf decomposition (Palkovacs and Post 2009, Bassar et al. 
2010, 2013, 2015).  Guppies in high predation sites also excreted higher levels of nutrients which 
when combined with the low level of algal consumption leads to higher levels of primary productivity 
(Bassar et al. 2010).   
 
The results of an ongoing project (The Guppy Project: http://cnas.ucr.edu/guppy/) confirmed the 
influence of varying life history and diet on ecosystem processes (Travis, Reznick, and Bassar 
2014, El-Sabaawi, Bassar, et al. 2015, El-Sabaawi, Marshall, et al. 2015) and showed that the 
effect of phenotype can as strong as the effect of environmental variables such as light (El-
Sabaawi, Bassar, et al. 2015).  Furthermore by introducing guppies to sites with varying biodiversity 
The Guppy Project has also been able to examine the impact the different life history traits have on 
other species (Walsh and Reznick 2011, Furness et al. 2012, Furness and Reznick 2014).    
 
The impacts that trait change can have on the wider ecosystem can also be seen in the alewife 
(Alosa pseudoharengus) where populations which have become landlocked have evolved life 
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history traits similar to those seen in harvested fish populations and guppies from sites with high 
levels of predation (Palkovacs et al. 2008).  Studies of the alewife have found that the landlocked 
populations have changed the zooplankton biomass and community structure in introduced lakes 
(Post et al. 2008, Palkovacs and Post 2009), as well as having a significant impact on the evolution 
of their prey, Daphnia ambigua (Walsh and Post 2011).  Importantly these studies have also shown 
that the effect of different phenotypes on the ecosystem is greater than the effect of the presence or 
absence of the alewife (Palkovacs and Post 2009).       
 
The effects of predation regime on the wider ecosystem discussed above could be transferred to 
harvested fish populations in two ways.  Firstly, treating the harvested fish as the prey and fisheries 
as the predator, which is how FIE is traditionally viewed, requires consideration of contributions the 
harvested fish have on ecosystem processes such as those discussed above.  Secondly, would be 
consideration of ecosystem wide impacts if the harvested fish are treated as the predator.  In such a 
scenario, the harvesting of the predator or changes in feeding behaviour may lead to a release from 
predation for any species it preys on.  In turn this release from predation might lead to changes 
such as those seen in the low predation guppy populations described above.        
 
5.6 Application to fisheries induced evolution 
 The results from the van Wijk (2011) study provided evidence that shifts in life history traits 
resulting from size selective harvesting are associated with change at specific candidate loci.  The 
results from the present study show that size selective harvesting can have a genome wide impact.  
The structure of the selection experiment and the Y-linked nature of the loci under selection (see 
section 2.5.3) mean that caution is required when making direct comparisons between results 
described here and commercially harvested populations.  However, providing an unequivocal 
answer to the question of whether genetic change is underpinning the phenotypic shifts seen in 
commercially harvested fish populations would require a study using species with long generation 
times, populations with overlapping generations, and a large number of generations.  Such a study 
would require an impractical budget and time frame.  Furthermore, phenotypic change has already 
occurred in commercially harvested populations, therefore, waiting for unequivocal evidence that 
genetic change is underpinning the observed shifts before taking action will only increase the 
severity of the situation.   
 
The current study provides evidence of genomic change in a simplified experimental design.  In 
order to provide evidence of genetic change which is more directly applicable to commercially 
harvested populations, it will be necessary to determine the effects of size selective harvesting in a 
more complex experimental design.  Such an experiment, in which populations of guppies have 
been selected for large or small body size but also with overlapping generations and subject to 
density feedback and natural selection, is ongoing (M. Henio, personal communication). However, 
these fish have yet to show evidence of significant phenotypic change.  It will also be necessary to 
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provide evidence based on analysis of species with life history characteristics similar to those seen 
in commercially harvested populations.  The guppy however, which was an ideal species for the 
experiments described herein, exhibits significant sexual dimorphism in the traits being examined 
(both body size and maturation) which are underpinned by Y-linked loci.  As the majority of 
commercially harvested fish do not exhibit such dimorphism, a similar experiment on a more 
representative fish species would be more directly comparable.       
 
Although experiments such as those discussed above would provide more conclusive evidence that 
phenotypic shifts in commercially harvested populations are underpinned by genomic change, the 
large body of evidence which supports the existence of FIE (Jorgensen et al. 2007, Kuparinen and 
Merilä 2007, Conover and Baumann 2009a, Dunlop et al. 2009, Sharpe and Hendry 2009) 
highlights the need for action to be taken now.  Despite the evidence of change, management tools 
in use for some species still rely on data which is at least 30 years old (Hilborn et al. 2010, van 
Walraven et al. 2010, Heino et al. 2013).  The primary strategies which have been suggested focus 
on modifying reference points used in fisheries managements (Hutchings 2009, Heino et al. 2013).  
Suggested modifications to the reference points include increasing the minimum size limit, 
introducing a maximum size limit (either in combination with, or instead of, a minimum size limit) 
and reducing the total catch (Conover and Munch 2002, Law 2007, Hutchings and Fraser 2008, 
Eikeset et al. 2013).  It has also been suggested that marine protected areas, or no-take zones, 
might reduce the effect of fisheries induced evolution (Dunlop et al. 2009).  However, despite the 
number of times these suggestions have been made, there is currently only limited evidence these 
would prevent fisheries induced evolution (Jorgensen et al. 2007, Dunlop et al. 2009, Hutchings 
2009). 
 
5.7 Recovery potential of harvested populations 
Whether generated by natural predation or anthropogenic change, the ecosystem wide impacts of 
trait change are likely to be significant even if the trait changes are caused by phenotypic plasticity 
or regulatory change.  It was not possible to examine the recovery potential of the fish in the 
selection experiment presented here due to the outbreak of disease (Mycobacterium marinum).  
Although not all of the fish were lost during the outbreak, the numbers where significantly reduced, 
leading to a population bottleneck and therefore making it unfeasible to examine the genetic impact 
of a halt in harvesting.  As the infection did not occur until the F6 fish were at least 1 year old and 
the fish from all of the selection lines were all equally affected, it is very unlikely to have had impact 
on the results discussed here.  While we were unable to directly examine the recovery potential of 
our selected lines, the importance of fully understanding the genome wide changes which are 
underpinning these trait changes lies in our ability to understand their reversibility.   
 
The potential for traits affected by FIE to return to their pre-harvest values has been examined 
several times by utilising eco-genetic models (Dunlop et al. 2009, Enberg et al. 2009, Kuparinen 
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and Hutchings 2012, Marty et al. 2015, Uusi-Heikkilä et al. 2015).  These models suggested that 
following a fishing moratorium the recovery would be slow, though as many of these studies were 
based on probabilistic maturation norms (PMRN), it is likely they have underestimated the 
complexity found in real populations.  The only study to have experimentally examined the potential 
for recovery (Conover et al. 2009) showed that phenotypic changes did begin to recover once size 
selective harvesting was stopped.  As discussed in 2.4.5, the recovery observed by Conover et al. 
(2009) may be the result of the small number of generations selection was imposed over.    
 
The suggested reasons for the slow recovery rate have primarily focused on the strength of 
selection (Dunlop et al. 2009, Enberg et al. 2009, Kuparinen and Hutchings 2012).  The selection 
pressure imposed by fishing is has been shown to be significantly higher than the pressure imposed 
by natural selection (Mertz and Myers 1998).  Therefore fishing has the ability to drive very rapid 
shifts in phenotypic traits, but once a moratorium on fishing is imposed, because the strength of 
natural selection is presumably smaller, it will take a correspondingly long time for phenotypic traits 
to recover to pre-harvest levels.   
 
In addition to putatively reduced selection pressures following cessation of harvesting, it has also 
been suggested that the loss of genetic variability caused by fishing will reduce the adaptability of 
exploited populations (Marty et al. 2015).  Put simply, the rarity of new beneficial mutations will 
mean that an exploited population’s ability to evolve to its pre-harvest phenotype will be determined 
by the level of standing genetic variation.  If the standing variation has been eroded or changed in 
relation to key ecologically significant traits by fishing, then the population’s ability to recover will be 
limited.  Our results indicate that the life history shifts observed in FIE are underpinned by changes 
at a large number of small effect loci.  The effect of rapid evolution of on a large number of small 
effect loci is likely to result in a much greater loss of standing variation than if selection were acting 
on a small number of large effect loci.   
 
Contrary to predictions (Enberg et al. 2009, Kuparinen and Hutchings 2012) a recent study of 
Atlantic cod (Gadus morhua) populations has identified significant signs of population growth and 
biomass rebuilding (Rose and Rowe 2015).  While these findings suggest the biomass of 
overexploited populations may show signs of recovery, the changes in size distributions observed 
by Rose & Rowe (2015) are the result of changes in age structure rather than age at size.  It is 
therefore possible that the biomass recovery of these populations is the result of fish which would 
previously have been harvested surviving for longer.  The rapid recovery of biomass is similar to 
that predicted by Enberg et al.  (2009), who modelled the recovery of  Atlantic cod.  Under their 
model, although an initial rapid recovery (0-50 years post moratorium) in population biomass was 
seen, it was closer to 700 years before populations reached their pre-harvest levels of biomass and 
>2000 years before life history traits fully recovered.   
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5.7 Importance of epigenetic change 
Our results show that the phenotypic changes observed following the size selective harvesting 
undertaken here are the result of primarily genetic change rather than changes in DNA methylation.  
It should, however, be noted that only a small number of methylated loci were examined here, and 
these loci were anonymous.  Given the large body of evidence that phenotypic changes can be 
underpinned by epigenetic change it is extremely likely that epigenetic modifications are playing a 
role in the rapid shifts in life history traits observed as a result of size selective harvesting.   
 
As only 91 epigenetic loci were analysed in the current project, it was not possible to say whether 
the overall level of DNA methylation across the genome had changed.  The level of DNA 
methylation is regulated by a group of enzymes known as DNA methyltransferases (Dnmts) (Jones 
2012; Briones & Muegge 2012).   In mammals, the DNMTs consist of DNMT1, DNMT2, DNMT3a, 
DNMT3b and DNMT3L and can be categorised according to the primary function.  The group of 
DNMT3 proteins, also known as the de novo methyltransferases, are vital in setting up the pattern 
of DNA methylation which takes places in early development (Jones 2012), while the DNMT1 
enzyme is important for maintaining the levels of DNA methylation during DNA replication (Smith et 
al. 2011).  However, although these two groups of DNMTs can be categorised by their primary 
function, reports have suggested that the pathways of methylation may overlap (Robertson and 
Jones 2000, Chen et al. 2003, Estève et al. 2005) and that neither can act without the participation 
of the other (Jones 2012).  Unlike the DNMT1 and the DNMT3 gene family, DNMT2 is not strictly a 
DNA methyltransferase as it is thought to act on RNA rather than DNA (Rai et al. 2007).  Research 
in zebrafish has identified highly conserved orthologues of the DNMT1 and DNMT2  which both do 
similar jobs to the DNMT group of enzymes (Smith et al. 2011).  Unlike mammals, the zebrafish has 
been found to have at least six of the de novo methyltransferase (DNMT3) genes (Mhanni et al. 
2001, Smith et al. 2005).  As the pattern of DNA methylation is determined and maintained by the 
DNMT enzymes, several studies have used real-time reverse transcription PCR (qPCR) to quantify 
the level of their mRNA transcripts (Attwood and Richardson 2004, Shimoda et al. 2005, Smith et al. 
2011, Campos et al. 2012, Fang et al. 2013, Sarabi and Naghibalhossaini 2015, Xia et al. 2015).  
Had appropriate samples been collected, such a technique would have provided a useful overview 
of any changes in the level of global DNA methylation over the course of our selection experiment, 
and between the small and large selection lines upon completion.   
 
Although epigenetic change has, to our knowledge, not been considered in relation to FIE there are 
many studies indicating that rapid shifts in selection pressure can drive epigenetic change 
(Bonduriansky et al. 2012).  One example of epigenetic change following a rapid shift in selection 
pressure can be seen in studies of invasive species.  Studies of the house sparrow (Passer 
domesticus) showed that recently introduced populations in Kenya had higher levels of DNA 
methylation than established populations (Schrey et al. 2012).  Furthermore, the introduced 
populations with the highest epigenetic diversity had the lowest genetic diversity and vice versa 
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(Liebl et al. 2013, 2015).  Similar patterns of reduced genetic diversity and high levels of epigenetic 
diversity have also been found in species of Japanese knotweed (Fallopia japonica) (Richards et al. 
2012) and Alligator weed (Alternanthera philoxeroides) (Gao et al. 2010).   
 
The potential for epigenetic change to be underpinning rapid phenotypic shifts also raises the 
question of whether epigenetic changes are playing a role in the rapid phenotypic shifts seen in 
translocated populations of guppies.  Numerous experiments have shown that guppies translocated 
from a site with high levels of predation to a site with low levels of predation will rapidly evolve 
phenotypic traits similar to those of other low predation sites (Endler 1980, Reznick and Bryga 
1987a, Reznick 1990, Karim et al. 2007).  Studies have also shown significant genetic divergence 
between these sites 57 years after the introduction (Fitzpatrick et al. 2014).  Despite the years of 
studies, the genomic underpinning of many of the traits, which evolve following a change in 
predation, remains unclear.  It is therefore possible that at least in the period immediately following 
the introduction, epigenetic changes may be contributing.    
 
5.8 Future work 
The results of the work presented here provide evidence of the genome wide effect size selective 
harvesting can have.  However many questions remain unanswered in relation to the genomic 
effects of fisheries-induced evolution, as well as the genomic architecture underpinning life history 
shifts in the guppy.   
 
Due to the complex nature of polygenic traits such as the life history traits examined here, the task 
of determining the genes underpinning these traits is not easy.  In the case of P.reticulata, findings 
show that a significant amount of the genetic variation in these traits is located on the sex 
chromosome (chromosome 12).  Therefore elucidation of genes underpinning these traits requires a 
complete reference sequence for both the X and the Y-chromosomes.  Furthermore a thorough 
understanding of the level of recombination between these chromosomes will help to determine the 
degree of linkage and number of genes underpinning the changes observed.   
 
During the current study, we used RAD sequencing to reduce the amount of sequencing required to 
examine the entire genome.  Such an approach results in sequencing being spread across both the 
non-coding and coding regions of the genome.  As there is now a draft reference genome for the 
guppy, it would be possible to use design probes to capture only the coding regions of the genome 
and sequence these (Grover et al. 2012).  The exome sequencing approach has been widely used 
to examine the mutations responsible for human diseases (Ng et al. 2010, DaRe et al. 2013, Warr 
et al. 2015) but has also been used in non-model species for identification of candidate genes 
(Cosart et al. 2011, Ahonen et al. 2013, McClure et al. 2014, Pankin et al. 2014).  As only a small 
proportion of genomes are thought to be coding, exome sequencing dramatically reduces the 
amount of sequence data required for each individual, enabling more individuals to be studied.  
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When the current project began, the guppy reference genome was not available and therefore 
exome sequencing was not an option.  It would be interesting to see if exome sequencing a number 
of fish from both the selection experiment and the wild populations could identify any additional 
candidate genes for the life history traits examined.  However, as the current guppy reference 
genome is incomplete, it is unlikely that probes designed from this draft would capture the entire 
exome.  Therefore, while exome sequencing might identify additional candidate loci, it is unlikely to 
provide a complete picture.     
 
In order to determine the role epigenetics is playing it would also be interesting to examine 
epigenetic variation in guppies from high predation and low predation sites.  Initially this could 
simply be done by analysing the levels of DNA methylation between the sites, including recent 
translocations.  As discussed in section 5.7 global methylation could also be assessed by 
examining level of the DNMT methylation enzymes.   
 
Being able to determine the genes underpinning shifts in life history traits in overexploited fish 
populations would allow the changes in these genes to be determined.  However given the 
complexity of the traits and the large number of species involved, such an approach remains 
impractical.  Therefore, given the evidence provided by this and van Wijk et al.  (2013) which shows 
that size selective harvesting can induce genetic change, it is important that the focus shifts to the 
ecosystem-wide effects that these changes can exert, as well as management implications.  As 
previously discussed, ecosystem wide effects are already beginning to be examined both in guppies 
(Travis, Reznick, and Bassar 2014, El-Sabaawi, Bassar, et al. 2015, El-Sabaawi, Marshall, et al. 
2015) and other species (Post et al. 2008, Palkovacs and Post 2009, Walsh and Post 2011).  
Although potential management implications are also being discussed (Kuparinen and Merilä 2007, 
Heino et al. 2013, Laugen et al. 2014) they have yet to be implicated.   
 
Although it is important to prevent exploitation of fish populations driving selection in the way it has 
been shown to do, for many populations it is likely that detrimental effects have already been 
exerted.  Therefore a better understanding of the potential for recovery of the phenotypic traits is 
vital.  Several studies have used eco-genetic models, though the results of these studies do not 
completely agree with the only experimental study to examine the timeframe for recovery (Conover 
et al. 2009).  There is, therefore a need for studies in which both the selection and recovery period 
are examined.  Experimental selection utilising a more realistic design in which the effect of 
selection over a larger number of generations followed by a prolonged period of recovery are 
needed to give a more realistic understanding of the recovery of harvested populations.  
Additionally it would be interesting to use selection experiments to examine the effect of the various 
management regimes which have been selected, particularly the maximum size limit.    
 
In summary, there is now a strong body of evidence that size selective harvesting can cause 
genome-wide changes, some of which at least underpin shifts in life history traits.  There is now an 
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escalating need to take action to reduce the impact of future harvesting, both on the target species 
and the ecosystem as a whole, as well as identifying management strategies to allow traits to 
recover.    
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L1 51 CAGATA 6 TATCTGagatcggaagagcgtcgtg 
L1 52 GAAGTG 6 CACTTCagatcggaagagcgtcgtg 
L1 53 TAGCGGAT 8 ATCCGCTAagatcggaagagcgtcgtg 
L1 54 TATTCGCAT 9 ATGCGAATAagatcggaagagcgtcgtg 
L1 55 ATAGAT 6 ATCTATagatcggaagagcgtcgtg 
L1 56 CCGAACA 7 TGTTCGGagatcggaagagcgtcgtg 
L1 57 GGAAGACAT 9 ATGTCTTCCagatcggaagagcgtcgtg 
L1 58 AACGCACATT 10 AATGTGCGTTagatcggaagagcgtcgtg 
L1 59 GAGCGACAT 9 ATGTCGCTCagatcggaagagcgtcgtg 
L1 60 CCTTGCCATT 10 AATGGCAAGGagatcggaagagcgtcgtg 
L1 61 GGTATA 6 TATACCagatcggaagagcgtcgtg 
L1 62 TCTTGG 6 CCAAGAagatcggaagagcgtcgtg 
L1 63 GGTGT 5 ACACCagatcggaagagcgtcgtg 
L1 64 GGATA 5 TATCCagatcggaagagcgtcgtg 
L1 65 CTAAGCA 7 TGCTTAGagatcggaagagcgtcgtg 
L1 66 ATTAT 5 ATAATagatcggaagagcgtcgtg 
L1 67 GCGCTCA 7 TGAGCGCagatcggaagagcgtcgtg 
L1 68 ACTGCGAT 8 ATCGCAGTagatcggaagagcgtcgtg 
L1 69 TTCGTT 6 AACGAAagatcggaagagcgtcgtg 
L1 70 ATATAA 6 TTATATagatcggaagagcgtcgtg 
L1 71 TGGCAACAGA 10 TCTGTTGCCAagatcggaagagcgtcgtg 
L1 72 CTCGTCG 7 CGACGAGagatcggaagagcgtcgtg 
L1 73 GCCTACCT 8 AGGTAGGCagatcggaagagcgtcgtg 
L1 74 CACCA 5 TGGTGagatcggaagagcgtcgtg 
L1 75 AATTAG 6 CTAATTagatcggaagagcgtcgtg 
L1 76 GGAACGA 7 TCGTTCCagatcggaagagcgtcgtg 
L1 77 ACTGCT 6 AGCAGTagatcggaagagcgtcgtg 
L1 BS1 TGCTT 5 AAGCAagatcggaagagcgtcgtg 
L1 BS2 GCAAGCCAT 9 ATGGCTTGCagatcggaagagcgtcgtg 
L1 BS3 CGCACCAATT 10 AATTGGTGCGagatcggaagagcgtcgtg 
L1 BS4 CTCGCGG 7 CCGCGAGagatcggaagagcgtcgtg 
L1 BS5 AACTGG 6 CCAGTTagatcggaagagcgtcgtg 
L1 BS6 ATGAGCAA 8 TTGCTCATagatcggaagagcgtcgtg 
L1 BS7 CTTGA 5 TCAAGagatcggaagagcgtcgtg 
L1 BS8 GCGTCCT 7 AGGACGCagatcggaagagcgtcgtg 
L1 BS9 ACCAGGA 7 TCCTGGTagatcggaagagcgtcgtg 
L1 BS10 CCACTCA 7 TGAGTGGagatcggaagagcgtcgtg 
L1 BS11 TCACGGAAG 9 CTTCCGTGAagatcggaagagcgtcgtg 
L1 BS12 TATCA 5 TGATAagatcggaagagcgtcgtg 
L1 BS13 TAGCCAA 7 TTGGCTAagatcggaagagcgtcgtg 
L2 51 AATAAGAGT 9 ACTCTTATTagatcggaagagcgtcgtg 
L2 52 TACAAG_bot 6 CTTGTAagatcggaagagcgtcgtg 
L2 53 GGTGCACATT 10 AATGTGCACCagatcggaagagcgtcgtg 
L2 54 CTCTCGCAT 9 ATGCGAGAGagatcggaagagcgtcgtg 
L2 BS1 CAGAGGT 7 ACCTCTGagatcggaagagcgtcgtg 
L2 BS2 GCGTACAAT 9 ATTGTACGCagatcggaagagcgtcgtg 
L2 BS3 ACGCGCG 7 CGCGCGTagatcggaagagcgtcgtg 
L2 BS4 GTCGCCT 7 AGGCGACagatcggaagagcgtcgtg 
L2 BS5 AATAACCAA 9 TTGGTTATTagatcggaagagcgtcgtg 
L2 BS6 AATGAACGA 9 TCGTTCATTagatcggaagagcgtcgtg 
L2 BS7 ATGGCAA 7 TTGCCATagatcggaagagcgtcgtg 
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Appendix I: Barcodes and adaptor sequences for RAD sequencing 
 216  
  
  
 
 
               
         
       
                   
L2 BS8 GAAGCA 6 TGCTTCagatcggaagagcgtcgtg 
L2 BS9 AACGTGCCT 9 AGGCACGTTagatcggaagagcgtcgtg 
L2 BS10 CCTCG 5 CGAGGagatcggaagagcgtcgtg 
S1 51 CTCAT 5 ATGAGagatcggaagagcgtcgtg 
S1 52 ACGGTACT 8 AGTACCGTagatcggaagagcgtcgtg 
S1 53 GCGCCG 6 CGGCGCagatcggaagagcgtcgtg 
S1 54 CAAGT 5 ACTTGagatcggaagagcgtcgtg 
S1 55 GGAGTCAAG 9 CTTGACTCCagatcggaagagcgtcgtg 
S1 56 TGAAT 5 ATTCAagatcggaagagcgtcgtg 
S1 57 CATAT 5 ATATGagatcggaagagcgtcgtg 
S1 58 GTGACACAT 9 ATGTGTCACagatcggaagagcgtcgtg 
S1 59 TATGT 5 ACATAagatcggaagagcgtcgtg 
S1 60 TGCAGA 6 TCTGCAagatcggaagagcgtcgtg 
S1 61 CATCTGCCG 9 CGGCAGATGagatcggaagagcgtcgtg 
S1 62 GGACAG 6 CTGTCCagatcggaagagcgtcgtg 
S1 63 ATCTGT 6 ACAGATagatcggaagagcgtcgtg 
S1 64 AAGACGCT 8 AGCGTCTTagatcggaagagcgtcgtg 
S1 65 GAATGCAATA 10 TATTGCATTCagatcggaagagcgtcgtg 
S1 66 TAGCAG 6 CTGCTAagatcggaagagcgtcgtg 
S1 67 CTTAG 5 CTAAGagatcggaagagcgtcgtg 
S1 68 TTATTACAT 9 ATGTAATAAagatcggaagagcgtcgtg 
S1 69 GCCAACAAGA 10 TCTTGTTGGCagatcggaagagcgtcgtg 
S1 70 TGCCGCAT 8 ATGCGGCAagatcggaagagcgtcgtg 
S1 71 CGTGTCA 7 TGACACGagatcggaagagcgtcgtg 
S1 72 CAACCACACA 10 TGTGTGGTTGagatcggaagagcgtcgtg 
S1 73 GCTCCGA 7 TCGGAGCagatcggaagagcgtcgtg 
S1 BS1 CGTTCA 6 TGAACGagatcggaagagcgtcgtg 
S1 BS2 CATCACAAG 9 CTTGTGATGagatcggaagagcgtcgtg 
S1 BS4 TCCAG 5 CTGGAagatcggaagagcgtcgtg 
S1 BS5 AACTGAAG 8 CTTCAGTTagatcggaagagcgtcgtg 
S1 BS6 GATTCA 6 TGAATCagatcggaagagcgtcgtg 
S2 51 CAAGCCAATT 10 AATTGGCTTGagatcggaagagcgtcgtg 
S2 52 TTGCGCT 7 AGCGCAAagatcggaagagcgtcgtg 
S2 53 CGCAGACACT 10 AGTGTCTGCGagatcggaagagcgtcgtg 
S2 54 TGTGGA 6 TCCACAagatcggaagagcgtcgtg 
S2 55 TGGATA 6 TATCCAagatcggaagagcgtcgtg 
S2 56 ATAGCGT 7 ACGCTATagatcggaagagcgtcgtg 
S2 57 CCATAGA 7 TCTATGGagatcggaagagcgtcgtg 
S2 58 GGCACGCAT 9 ATGCGTGCCagatcggaagagcgtcgtg 
S2 59 ATTAACAATT 10 AATTGTTAATagatcggaagagcgtcgtg 
S2 60 CAATA 5 TATTGagatcggaagagcgtcgtg 
S2 61 TAGTCCAT 8 ATGGACTAagatcggaagagcgtcgtg 
S2 62 CGTGACCT 8 AGGTCACGagatcggaagagcgtcgtg 
S2 63 CTTCAGA 7 TCTGAAGagatcggaagagcgtcgtg 
S2 64 ATCTGCAACA 10 TGTTGCAGATagatcggaagagcgtcgtg 
S2 65 AAGGA 5 TCCTTagatcggaagagcgtcgtg 
S2 66 TTACT 5 AGTAAagatcggaagagcgtcgtg 
S2 67 TTATCCAT 8 ATGGATAAagatcggaagagcgtcgtg 
S2 68 GGATTG 6 CAATCCagatcggaagagcgtcgtg 
S2 69 GACGTGA 7 TCACGTCagatcggaagagcgtcgtg 
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S2 70 GACGGCA 7 TGCCGTCagatcggaagagcgtcgtg 
S2 BS1 CGTCTG 6 CAGACGagatcggaagagcgtcgtg 
S2 BS2 TCTGA 5 TCAGAagatcggaagagcgtcgtg 
S2 BS3 AACTT 5 AAGTTagatcggaagagcgtcgtg 
S2 BS4 GAGTCACAAT 10 ATTGTGACTCagatcggaagagcgtcgtg 
S2 BS5 CGGTTGCAT 9 ATGCAACCGagatcggaagagcgtcgtg 
S2 BS6 GTCCTGCCA 9 TGGCAGGACagatcggaagagcgtcgtg 
S2 BS7 GTTACA 6 TGTAACagatcggaagagcgtcgtg 
S2 BS8 GCGGA 5 TCCGCagatcggaagagcgtcgtg 
S2 BS9 ATGATACG 8 CGTATCATagatcggaagagcgtcgtg 
F2 A8 CTGTTG 6 CAACAGagatcggaagagcgtcgtg 
F2 A15 TTCAGCCAGT 10 ACTGGCTGAAagatcggaagagcgtcgtg 
F2 A16 TCACA 5 TGTGAagatcggaagagcgtcgtg 
F2 A20 GTCGT 5 ACGACagatcggaagagcgtcgtg 
F2 A21 ACGCTAA 7 TTAGCGTagatcggaagagcgtcgtg 
F2 A23 ATAGG 5 CCTATagatcggaagagcgtcgtg 
F2 A28 CCTGCCA 7 TGGCAGGagatcggaagagcgtcgtg 
F2 A31 TAAGACA 7 TGTCTTAagatcggaagagcgtcgtg 
F2 A34 TGAGA 5 TCTCAagatcggaagagcgtcgtg 
F2 B6 AATGCAG 7 CTGCATTagatcggaagagcgtcgtg 
F2 B15 CCGTGA 6 TCACGGagatcggaagagcgtcgtg 
F2 B20 GCCAGACATT 10 AATGTCTGGCagatcggaagagcgtcgtg 
F2 B26 GTGCG 5 CGCACagatcggaagagcgtcgtg 
F2 B27 TTACACA 7 TGTGTAAagatcggaagagcgtcgtg 
F2 B28 CCGTCACAGT 10 ACTGTGACGGagatcggaagagcgtcgtg 
F2 B32 CTGTGT 6 ACACAGagatcggaagagcgtcgtg 
F2 B35 CGCGCCG 7 CGGCGCGagatcggaagagcgtcgtg 
F2 C7 CTAACA 6 TGTTAGagatcggaagagcgtcgtg 
F2 C10 TGAAGCAACT 10 AGTTGCTTCAagatcggaagagcgtcgtg 
F2 C11 TGACGT 6 ACGTCAagatcggaagagcgtcgtg 
F2 C12 ACTGAG 6 CTCAGTagatcggaagagcgtcgtg 
F2 C18 GCGCACT 7 AGTGCGCagatcggaagagcgtcgtg 
F2 C30 GGTAAGCA 8 TGCTTACCagatcggaagagcgtcgtg 
F2 C34 AATCGGAGG 9 CCTCCGATTagatcggaagagcgtcgtg 
F2 D4 TGGAGCCT 8 AGGCTCCAagatcggaagagcgtcgtg 
F2 D9 GATGGCCAT 9 ATGGCCATCagatcggaagagcgtcgtg 
F2 D12 ACAACGCAT 9 ATGCGTTGTagatcggaagagcgtcgtg 
F2 D14 GGCGGACGA 9 TCGTCCGCCagatcggaagagcgtcgtg 
F2 D18 CCGTACCACT 10 AGTGGTACGGagatcggaagagcgtcgtg 
F2 D21 GTAACG 6 CGTTACagatcggaagagcgtcgtg 
F2 D24 TCCTCACAT 9 ATGTGAGGAagatcggaagagcgtcgtg 
F2 D25 TCGTA 5 TACGAagatcggaagagcgtcgtg 
F2 E5 GTATTGACT 9 AGTCAATACagatcggaagagcgtcgtg 
F2 E6 GCTCA 5 TGAGCagatcggaagagcgtcgtg 
F2 E9 AATGTA 6 TACATTagatcggaagagcgtcgtg 
F2 E10 GGAGAGCAT 9 ATGCTCTCCagatcggaagagcgtcgtg 
F2 E15 CCATG 5 CATGGagatcggaagagcgtcgtg 
F2 E23 CGCTCACACA 10 TGTGTGAGCGagatcggaagagcgtcgtg 
F2 E33 TGTTACG 7 CGTAACAagatcggaagagcgtcgtg 
F2 E37 GATTGGAAGA 10 TCTTCCAATCagatcggaagagcgtcgtg 
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Appendix II: Plots showing the diversity of the sex chromosome (Chr 12) compared to a 
subset of autosomal SNPs.  Only 2 of the 5 subsets in the F2 population showed a 
significant difference. 
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Appendix III: Candidate genes for growth and maturation on the guppy genome 
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Appendix IV: Schematic explaining how it is possible to have multiple SNPs on the same 
TAG showing a different response to selection. 
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Appendix V: Extraction protocol for tissue samples taken from wild fish. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Place the tissue sample in 500 l of  TEN buffer*,  add 5 l of proteinase K and incubate 
overnight at 55 C. 
2.  ortex the sample and remove 300 l of  buffer proteinase K mix.  Place in a new 1.5ml 
eppendorf  tube.  
3. Add 100 l of  5M NaCl and centrifuge for 5 minutes at 14,000rpm.  
4. Remove the supernatant and place in a new eppendorf  tube.  Be careful to avoid the 
precipitate at the base of  the tube. 
5. Add 800 l of  100% ice cold ethanol. 
6. Leave overnight at –20 C.  
7. Centrifuge at 4 C for 30 minutes at 14,000rpm.  
8. Pour off the ethanol. 
9. Add 1ml of 70% ethanol.   
10.  Centrifuge for 5 minutes at 13,000rpm.   
11.  Pour off the ethanol and allow to drain upside down.  
12.  Dry DNA pellet at 50 C for 10 minutes. 
13.  Re-suspend DNA pellet in 50 l of H20. 
14.  Dissolve DNA by incubating the samples 37 C for 30 minutes.   
* TEN: 0.4M NaCl, 10mM Tris-HCl pH 8.0 and 2mM EDTA pH 8.0 with 2% SDS in a 9:1 ratio  
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Appendix VI: Location of genotyped SNPs on the guppy genome.  Chromosome size is 
shown in MB.  
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Appendix VII: Fst values between all wild sites sampled.   
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Downstream Aripo 06 0.01
Downstream Caura 0.21 0.20
Downstream Guanapo 0.32 0.33 0.16
Downstream Lopinot 0.25 0.24 0.05 0.16
Downstream Marianne 0.42 0.46 0.35 0.53 0.36
Downstream Oropuche 0.37 0.35 0.18 0.38 0.21 0.51
Downstream Turure 0.35 0.38 0.18 0.03 0.17 0.56 0.44
Downstream Yara 0.26 0.25 0.15 0.36 0.22 0.41 0.32 0.40
Upstream Aripo 03 0.30 0.37 0.44 0.60 0.48 0.77 0.72 0.63 0.61
Upstream Aripo 06 0.10 0.12 0.28 0.39 0.32 0.60 0.50 0.44 0.39 0.18
Upstream Caura 0.44 0.44 0.25 0.45 0.28 0.68 0.53 0.49 0.40 0.70 0.53
Upstream Guanapo 0.47 0.51 0.27 0.18 0.24 0.73 0.66 0.15 0.52 0.83 0.64 0.65
Upstream Lopinot 0.57 0.62 0.36 0.51 0.24 0.71 0.70 0.50 0.65 0.86 0.73 0.69 0.74
Upstream Marianne 0.40 0.42 0.30 0.45 0.30 0.06 0.44 0.49 0.37 0.76 0.57 0.65 0.70 0.67
Upstream Oropuche 0.38 0.37 0.23 0.44 0.26 0.51 0.01 0.49 0.32 0.72 0.52 0.57 0.67 0.71 0.47
Upstream Turure 0.31 0.33 0.16 0.04 0.16 0.51 0.39 0.01 0.35 0.61 0.40 0.46 0.18 0.52 0.44 0.44
Upstream Yara 0.27 0.29 0.23 0.34 0.26 0.31 0.35 0.37 0.24 0.69 0.44 0.58 0.59 0.73 0.29 0.35 0.27
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Appendix VIII: Values from Lositan outlier analysis.  N/A values denote a SNP which was 
monomorphic in the respective river. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fst Het P value Fst Het P value Fst Het P value Fst Het P value Fst Het P value
10802 N/A N/A N/A 0.035 0.052 0.319 0.279 0.286 0.104 0.000 0.021 0.500 0.144 0.151 0.062
108025 0.050 0.223 0.787 0.142 0.282 0.272 0.304 0.589 0.454 -0.020 0.300 0.998 0.345 0.600 0.466
108125 N/A N/A N/A N/A N/A N/A 0.065 0.094 0.051 N/A N/A N/A N/A N/A N/A
108291 0.010 0.019 0.500 N/A N/A N/A 0.065 0.094 0.051 N/A N/A N/A N/A N/A N/A
111347 0.000 0.010 0.500 N/A N/A N/A 0.009 0.017 0.500 N/A N/A N/A 0.000 0.008 0.500
120249 N/A N/A N/A N/A N/A N/A 0.026 0.034 0.029 N/A N/A N/A N/A N/A N/A
124729 0.581 0.691 0.246 0.310 0.436 0.081 0.103 0.110 0.059 0.234 0.250 0.186 0.032 0.040 0.005
148158 N/A N/A N/A N/A N/A N/A 0.104 0.112 0.000 N/A N/A N/A 0.096 0.103 0.222
150841 N/A N/A N/A N/A N/A N/A 0.026 0.034 0.026 0.000 0.021 0.500 0.016 0.024 0.109
20521 0.049 0.058 0.016 0.088 0.103 0.000 0.424 0.602 0.348 0.021 0.042 0.674 0.096 0.103 0.222
207392 0.150 0.435 0.653 0.123 0.521 0.370 0.162 0.169 0.308 0.275 0.445 0.252 0.168 0.175 0.000
214079 0.068 0.077 0.047 0.004 0.089 0.733 -0.013 0.428 0.982 0.085 0.104 0.331 0.345 0.393 0.248
21765 0.543 0.614 0.160 0.413 0.630 0.091 0.427 0.640 0.346 0.172 0.263 0.386 0.064 0.071 0.066
220371 N/A N/A N/A 0.000 0.017 0.500 0.162 0.169 0.308 0.000 0.021 0.500 0.088 0.095 0.000
22486 0.039 0.048 0.187 -0.021 0.094 1.000 0.214 0.477 0.497 0.000 0.021 0.500 0.640 0.643 0.021
22946 -0.003 0.039 0.692 N/A N/A N/A 0.026 0.034 0.029 N/A N/A N/A 0.000 0.008 0.500
23539 0.379 0.385 0.001 0.118 0.414 0.411 0.462 0.466 0.081 0.170 0.188 0.063 0.075 0.511 0.736
261690 0.058 0.067 0.334 0.003 0.141 0.854 0.035 0.043 0.158 N/A N/A N/A 0.104 0.111 0.000
283548 0.010 0.019 0.500 N/A N/A N/A 0.137 0.144 0.210 0.213 0.229 0.088 0.192 0.198 0.207
291080 0.626 0.630 0.024 0.131 0.531 0.349 0.122 0.129 0.396 0.277 0.292 0.059 0.128 0.135 0.322
294904 0.010 0.019 0.500 0.000 0.017 0.500 N/A N/A N/A 0.128 0.146 0.279 N/A N/A N/A
313767 0.595 0.657 0.160 0.090 0.518 0.473 0.342 0.347 0.060 0.462 0.520 0.055 0.460 0.529 0.199
330994 0.146 0.154 0.282 0.056 0.329 0.543 -0.005 0.503 1.000 0.103 0.471 0.516 0.264 0.270 0.000
334713 0.000 0.010 0.500 N/A N/A N/A 0.068 0.076 0.000 N/A N/A N/A 0.152 0.159 0.000
343160 0.000 0.010 0.500 N/A N/A N/A 0.103 0.110 0.059 N/A N/A N/A 0.040 0.048 0.049
353804 0.098 0.155 0.633 -0.003 0.328 0.879 0.265 0.271 0.172 0.106 0.125 0.000 0.312 0.317 0.000
36113 N/A N/A N/A 0.000 0.017 0.500 0.026 0.034 0.029 0.021 0.042 0.674 0.008 0.016 0.500
363926 N/A N/A N/A N/A N/A N/A 0.017 0.025 0.127 N/A N/A N/A N/A N/A N/A
39628 0.206 0.258 0.418 0.140 0.155 0.120 0.409 0.414 0.111 0.233 0.563 0.362 0.136 0.143 0.223
57318 N/A N/A N/A 0.000 0.017 0.500 -0.017 0.325 1.000 0.000 0.021 0.500 0.040 0.048 0.049
58232 -0.011 0.048 0.985 N/A N/A N/A 0.089 0.190 0.623 0.000 0.021 0.500 0.088 0.095 0.000
58352 -0.013 0.058 0.990 0.018 0.036 0.616 0.400 0.619 0.382 0.021 0.042 0.674 0.130 0.137 0.300
58413 -0.024 0.357 1.000 -0.007 0.146 0.868 0.123 0.522 0.649 -0.023 0.090 1.000 0.503 0.540 0.116
59179 0.097 0.106 0.313 0.034 0.122 0.640 0.251 0.517 0.477 0.042 0.392 0.726 0.376 0.381 0.159
59448 N/A N/A N/A N/A N/A N/A 0.238 0.285 0.281 N/A N/A N/A N/A N/A N/A
59508 0.000 0.010 0.500 N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.000 0.008 0.500
60276 0.010 0.019 0.500 0.000 0.017 0.500 0.009 0.017 0.500 N/A N/A N/A 0.000 0.008 0.500
70445 N/A N/A N/A N/A N/A N/A 0.043 0.051 0.044 N/A N/A N/A 0.000 0.008 0.500
91693 0.134 0.229 0.528 -0.008 0.420 0.883 0.735 0.737 0.031 0.277 0.292 0.059 0.052 0.500 0.787
97286 0.343 0.555 0.424 0.154 0.538 0.360 0.609 0.612 0.048 0.064 0.083 0.418 0.241 0.456 0.450
97831 0.136 0.144 0.393 0.175 0.190 0.129 0.060 0.068 0.204 0.234 0.250 0.186 0.016 0.024 0.109
GH1 0.333 0.340 0.200 0.185 0.402 0.277 0.280 0.287 0.098 0.064 0.083 0.418 0.137 0.144 0.211
GH2_165 0.068 0.077 0.047 0.070 0.086 0.385 0.479 0.483 0.027 0.191 0.208 0.264 0.358 0.363 0.051
M009_403 0.437 0.442 0.136 0.103 0.491 0.381 0.234 0.571 0.559 0.148 0.294 0.354 0.192 0.198 0.207
M1046_2 0.272 0.279 0.000 0.104 0.323 0.400 0.030 0.454 0.847 0.064 0.083 0.418 0.040 0.048 0.049
MH30_Dreyer 0.157 0.468 0.607 0.053 0.360 0.568 0.402 0.407 0.010 -0.022 0.106 1.000 0.419 0.424 0.007
Myostatin 0.068 0.208 0.730 0.015 0.157 0.708 0.162 0.169 0.308 0.106 0.125 0.000 0.347 0.352 0.116
Prolactin_1 0.126 0.135 0.000 0.123 0.138 0.049 0.403 0.622 0.377 0.319 0.333 0.080 0.328 0.333 0.209
SBF1 0.186 0.239 0.481 -0.004 0.426 0.857 0.043 0.051 0.044 0.128 0.146 0.279 0.016 0.024 0.109
TBC1 0.286 0.332 0.251 0.250 0.375 0.126 0.093 0.508 0.704 0.234 0.250 0.186 0.440 0.444 0.087
Locus
Aripo 03 Aripo 06 Caura Guanapo Lopinot
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Fst Het P value Fst Het P value Fst Het P value Fst Het P value
10802 0.001 0.500 0.544 -0.034 0.369 1.000 -0.010 0.135 0.492 0.629 0.734 0.362
108025 0.034 0.303 0.452 -0.034 0.369 1.000 -0.025 0.387 1.000 0.264 0.500 0.551
108125 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
108291 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
111347 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
120249 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
124729 N/A N/A N/A N/A N/A N/A -0.017 0.451 0.681 0.064 0.083 0.438
148158 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
150841 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
20521 N/A N/A N/A -0.016 0.417 0.563 -0.020 0.061 1.000 0.468 0.479 0.091
207392 N/A N/A N/A 0.012 0.304 0.278 -0.020 0.167 0.763 N/A N/A N/A
214079 N/A N/A N/A N/A N/A N/A 0.004 0.251 0.303 N/A N/A N/A
21765 N/A N/A N/A N/A N/A N/A -0.021 0.482 0.793 0.000 0.021 0.500
220371 0.021 0.429 0.506 -0.033 0.085 0.500 -0.022 0.178 0.838 0.599 0.682 0.288
22486 0.027 0.053 0.556 0.003 0.464 0.343 -0.021 0.086 1.000 0.021 0.042 0.554
22946 0.000 0.019 0.500 N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
23539 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 0.511 0.521 0.182
261690 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
283548 N/A N/A N/A 0.121 0.474 0.009 -0.014 0.222 0.563 N/A N/A N/A
291080 0.000 0.026 0.448 -0.032 0.163 0.977 0.113 0.130 0.004 0.468 0.479 0.091
294904 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
313767 0.172 0.551 0.143 0.004 0.508 0.343 -0.022 0.500 0.847 0.022 0.141 0.918
330994 N/A N/A N/A 0.043 0.083 0.500 0.042 0.295 0.091 N/A N/A N/A
334713 N/A N/A N/A N/A N/A N/A 0.053 0.149 0.074 N/A N/A N/A
343160 N/A N/A N/A N/A N/A N/A 0.014 0.095 0.231 N/A N/A N/A
353804 0.088 0.471 0.230 -0.030 0.500 0.913 -0.018 0.119 0.688 0.936 0.938 0.168
36113 N/A N/A N/A N/A N/A N/A 0.000 0.019 0.500 N/A N/A N/A
363926 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
39628 0.051 0.518 0.374 0.043 0.083 0.500 0.041 0.484 0.073 0.085 0.104 0.185
57318 0.000 0.026 0.448 N/A N/A N/A N/A N/A 1.000 0.106 0.125 0.009
58232 N/A N/A N/A N/A N/A N/A 0.000 0.019 0.500 0.000 0.021 0.500
58352 N/A N/A N/A N/A N/A N/A -0.022 0.044 0.500 0.152 0.329 0.660
58413 0.042 0.508 0.416 0.025 0.279 0.173 -0.007 0.149 0.447 0.213 0.229 0.304
59179 N/A N/A N/A -0.001 0.486 0.312 0.150 0.343 0.002 0.149 0.167 0.191
59448 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
59508 -0.023 0.106 0.915 N/A N/A N/A 0.000 0.019 0.500 0.000 0.063 0.749
60276 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
70445 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 N/A N/A N/A
91693 N/A N/A N/A 0.043 0.083 0.500 -0.020 0.385 0.806 0.149 0.167 0.191
97286 -0.023 0.365 0.907 0.000 0.042 101.000 0.018 0.401 0.178 0.553 0.563 0.000
97831 0.033 0.190 0.463 0.003 0.464 0.343 -0.007 0.424 0.450 0.133 0.188 0.338
GH1 N/A N/A N/A -0.033 0.085 0.500 N/A N/A 1.000 -0.036 0.453 1.000
GH2_165 -0.009 0.111 0.750 0.130 0.167 0.014 -0.018 0.164 0.695 0.170 0.188 0.019
M009_403 -0.016 0.415 0.827 -0.024 0.405 0.730 0.009 0.335 0.279 -0.044 0.117 1.000
M1046_2 N/A N/A N/A N/A N/A N/A N/A N/A 1.000 0.319 0.333 0.052
MH30_Dreyer 0.000 0.026 0.448 -0.026 0.496 0.710 -0.018 0.164 0.695 0.599 0.682 0.288
Myostatin N/A N/A N/A -0.029 0.431 0.829 -0.022 0.241 0.850 N/A N/A N/A
Prolactin_1 N/A N/A N/A 0.043 0.083 0.500 -0.006 0.237 0.423 0.085 0.104 0.185
SBF1 0.177 0.528 0.118 0.042 0.389 0.105 0.000 0.019 0.500 0.511 0.521 0.182
TBC1 N/A N/A N/A -0.020 0.179 0.572 0.078 0.235 0.035 0.426 0.438 0.242
Oropuche Turure Yara
Locus
Marianne
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Appendix IX: Values from Arelquin outlier analysis.  N/A values denote a SNP which was 
monomorphic in the respective river. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
He FST P value He FST P value He FST P value He FST P value He FST P value
10802 N/A N/A N/A 0.059 0.025 0.288 0.400 0.189 0.273 0.023 -0.004 0.374 0.198 0.099 0.407
108025 0.243 0.045 0.177 0.304 0.128 0.285 0.562 0.322 0.162 0.298 -0.020 0.065 0.618 0.334 0.290
108125 N/A N/A N/A N/A N/A N/A 0.046 0.180 0.105 N/A N/A N/A N/A N/A N/A
108291 0.023 0.003 0.096 N/A N/A N/A 0.046 0.180 0.105 N/A N/A N/A N/A N/A N/A
111347 0.012 -0.005 0.350 N/A N/A N/A 0.026 -0.009 0.246 N/A N/A N/A 0.011 -0.007 0.280
120249 N/A N/A N/A N/A N/A N/A 0.052 0.002 0.031 N/A N/A N/A N/A N/A N/A
124729 0.670 0.601 0.061 0.405 0.338 0.033 0.165 0.055 0.355 0.266 0.216 0.136 0.054 0.016 0.219
148158 N/A N/A N/A N/A N/A N/A 0.167 0.056 0.356 N/A N/A N/A 0.138 0.065 0.412
150841 N/A N/A N/A N/A N/A N/A 0.053 0.003 0.037 0.023 -0.004 0.374 0.033 0.005 0.115
20521 0.070 0.036 0.370 0.118 0.071 0.309 0.668 0.377 0.249 0.045 0.016 0.257 0.138 0.065 0.412
207392 0.409 0.161 0.446 0.514 0.126 0.272 0.248 0.098 0.413 0.462 0.266 0.154 0.229 0.121 0.362
214079 0.093 0.052 0.415 0.096 0.001 0.006 0.437 -0.013 0.076 0.112 0.075 0.334 0.476 0.279 0.166
21765 0.655 0.506 0.151 0.622 0.418 0.046 0.629 0.435 0.122 0.276 0.158 0.294 0.096 0.040 0.350
220371 N/A N/A N/A 0.020 -0.006 0.324 0.248 0.098 0.413 0.023 -0.004 0.374 0.128 0.059 0.390
22486 0.058 0.028 0.339 0.095 -0.021 0.070 0.401 0.263 0.191 0.023 -0.004 0.374 0.728 0.560 0.103
22946 0.035 0.000 0.401 N/A N/A N/A 0.052 0.002 0.031 N/A N/A N/A 0.011 -0.007 0.280
23539 0.436 0.330 0.157 0.431 0.111 0.315 0.603 0.345 0.175 0.201 0.155 0.208 0.522 0.073 0.279
261690 0.081 0.044 0.393 0.149 0.000 0.003 0.066 0.008 0.109 N/A N/A N/A 0.148 0.071 0.431
283548 0.023 0.003 0.096 N/A N/A N/A 0.212 0.079 0.413 0.245 0.196 0.160 0.258 0.141 0.331
291080 0.690 0.583 0.103 0.525 0.133 0.287 0.192 0.068 0.391 0.308 0.252 0.126 0.179 0.090 0.410
294904 0.023 0.003 0.096 0.020 -0.006 0.324 N/A N/A N/A 0.156 0.112 0.279 0.000 0.000 -1.000
313767 0.696 0.560 0.146 0.513 0.091 0.369 0.473 0.239 0.185 0.539 0.442 0.043 0.610 0.395 0.166
330994 0.182 0.119 0.366 0.344 0.052 0.273 0.502 -0.005 0.124 0.463 0.106 0.382 0.344 0.201 0.264
334713 0.012 -0.005 0.350 N/A N/A N/A 0.115 0.031 0.283 N/A N/A N/A 0.209 0.109 0.385
343160 0.012 -0.005 0.350 N/A N/A N/A 0.165 0.055 0.355 N/A N/A N/A 0.065 0.022 0.271
353804 0.179 0.082 0.366 0.334 -0.004 0.170 0.381 0.176 0.290 0.135 0.095 0.296 0.399 0.242 0.219
36113 N/A N/A N/A 0.020 -0.006 0.324 0.052 0.002 0.031 0.045 0.014 0.234 0.022 -0.001 0.428
363926 N/A N/A N/A N/A N/A N/A 0.039 -0.004 0.337 N/A N/A N/A N/A N/A N/A
39628 0.295 0.176 0.356 0.176 0.119 0.234 0.548 0.298 0.170 0.567 0.231 0.302 0.189 0.096 0.401
57318 N/A N/A N/A 0.020 -0.006 0.324 0.333 -0.017 0.051 0.023 -0.004 0.374 0.065 0.022 0.271
58232 0.046 -0.010 0.103 N/A N/A N/A 0.251 0.057 0.252 0.023 -0.004 0.374 0.128 0.059 0.390
58352 0.058 -0.013 0.061 0.041 0.011 0.189 0.579 0.429 0.103 0.045 0.016 0.257 0.182 0.092 0.406
58413 0.352 -0.023 0.011 0.153 -0.015 0.100 0.545 0.116 0.371 0.089 -0.023 0.059 0.628 0.431 0.146
59179 0.127 0.077 0.414 0.133 0.028 0.188 0.581 0.219 0.401 0.398 0.041 0.177 0.470 0.299 0.142
59448 N/A N/A N/A N/A N/A N/A 0.176 0.418 0.108 N/A N/A N/A N/A N/A N/A
59508 0.012 -0.005 0.350 N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.011 -0.007 0.280
60276 0.023 0.003 0.096 0.020 -0.006 0.324 0.026 -0.009 0.246 N/A N/A N/A 0.011 -0.007 0.280
70445 N/A N/A N/A N/A N/A N/A 0.078 0.014 0.164 N/A N/A N/A 0.011 -0.007 0.280
91693 0.259 0.116 0.408 0.415 -0.007 0.154 0.842 0.635 0.115 0.310 0.257 0.117 0.511 0.050 0.227
97286 0.583 0.325 0.304 0.544 0.152 0.312 0.743 0.493 0.171 0.090 0.053 0.386 0.513 0.211 0.271
97831 0.171 0.110 0.373 0.214 0.151 0.180 0.103 0.025 0.254 0.266 0.216 0.136 0.033 0.005 0.115
GH1 0.387 0.282 0.200 0.425 0.172 0.193 0.402 0.192 0.269 0.090 0.055 0.367 0.191 0.099 0.392
GH2_165 0.092 0.049 0.393 0.098 0.056 0.348 0.621 0.361 0.174 0.223 0.175 0.185 0.450 0.284 0.162
M9_403 0.496 0.386 0.105 0.501 0.100 0.315 0.568 0.235 0.318 0.307 0.139 0.342 0.258 0.141 0.331
M1046_2 0.323 0.231 0.247 0.303 0.113 0.320 0.422 0.036 0.151 0.090 0.055 0.367 0.065 0.022 0.271
MH30_Dreyer 0.491 0.148 0.417 0.374 0.050 0.270 0.540 0.291 0.163 0.107 -0.022 0.060 0.519 0.343 0.114
Myostatin 0.229 0.059 0.233 0.166 0.012 0.081 0.248 0.098 0.413 0.135 0.095 0.296 0.440 0.275 0.174
Prolactin_1 0.160 0.102 0.377 0.156 0.103 0.262 0.653 0.382 0.209 0.353 0.298 0.091 0.417 0.256 0.201
SBF1 0.275 0.159 0.382 0.431 -0.005 0.175 0.078 0.014 0.164 0.157 0.115 0.265 0.033 0.005 0.115
TBC1 0.377 0.248 0.273 0.404 0.228 0.126 0.531 0.087 0.309 0.266 0.216 0.136 0.537 0.358 0.120
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He FST P value He FST P value He FST P value He FST P value
10802 0.502 0.001 0.012 0.367 -0.033 0.134 0.141 -0.011 0.344 0.751 0.612 0.180
108025 0.289 0.042 0.291 0.367 -0.033 0.134 0.386 -0.024 0.139 0.434 0.357 0.186
108125 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
108291 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
111347 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
120249 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
124729 N/A N/A N/A N/A N/A N/A 0.448 -0.016 0.266 0.119 0.017 0.180
148158 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
150841 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
20521 N/A N/A N/A 0.425 -0.017 0.382 0.063 -0.021 0.180 0.594 0.356 0.271
207392 N/A N/A N/A 0.322 0.007 0.068 0.170 -0.020 0.199 N/A N/A N/A
214079 N/A N/A N/A N/A N/A N/A 0.261 0.002 0.031 N/A N/A N/A
21765 N/A N/A N/A N/A N/A N/A 0.481 -0.021 0.204 0.030 -0.029 0.048
220371 0.421 0.023 0.185 0.087 -0.033 0.142 0.177 -0.022 0.172 0.747 0.535 0.289
22486 0.045 0.040 0.135 0.453 0.005 0.049 0.083 -0.020 0.198 0.060 -0.014 0.322
22946 0.022 -0.006 0.311 N/A N/A N/A N/A N/A N/A N/A N/A N/A
23539 N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.635 0.398 0.246
261690 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
283548 N/A N/A N/A 0.449 0.132 0.017 0.228 -0.015 0.280 N/A N/A N/A
291080 0.022 0.008 0.233 0.165 -0.033 0.141 0.149 0.092 0.030 0.594 0.356 0.271
294904 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
313767 0.547 0.173 0.111 0.505 0.005 0.042 0.500 -0.022 0.171 0.097 0.075 0.312
330994 N/A N/A N/A 0.063 0.081 0.041 0.310 0.038 0.147 N/A N/A N/A
334713 N/A N/A N/A N/A N/A N/A 0.164 0.044 0.120 N/A N/A N/A
343160 N/A N/A N/A N/A N/A N/A 0.085 0.021 0.213 N/A N/A N/A
353804 0.459 0.091 0.191 0.499 -0.030 0.183 0.122 -0.019 0.209 0.956 0.906 0.126
36113 N/A N/A N/A N/A N/A N/A 0.022 -0.007 0.311 N/A N/A N/A
363926 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
39628 0.517 0.051 0.353 0.063 0.081 0.041 0.491 0.040 0.122 0.148 0.032 0.244
57318 0.022 0.008 0.233 N/A N/A N/A N/A N/A N/A 0.176 0.048 0.276
58232 N/A N/A N/A N/A N/A N/A 0.022 -0.007 0.311 0.030 -0.029 0.048
58352 N/A N/A N/A N/A N/A N/A 0.043 -0.021 0.128 0.399 0.109 0.268
58413 0.504 0.043 0.311 0.255 0.036 0.167 0.142 -0.005 0.455 0.311 0.131 0.414
59179 N/A N/A N/A 0.478 0.000 0.356 0.318 0.165 0.004 0.231 0.080 0.326
59448 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
59508 0.107 -0.023 0.085 N/A N/A N/A 0.022 -0.007 0.311 0.034 0.080 0.068
60276 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
70445 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
91693 N/A N/A N/A 0.063 0.081 0.041 0.381 -0.020 0.205 0.231 0.080 0.326
97286 0.364 -0.023 0.087 0.031 0.025 0.060 0.391 0.021 0.215 0.674 0.441 0.291
97831 0.202 0.028 0.221 0.453 0.005 0.049 0.418 -0.006 0.447 0.114 0.288 0.107
GH1 N/A N/A N/A 0.087 -0.033 0.142 N/A N/A N/A 0.439 -0.034 0.061
GH2_165 0.106 -0.007 0.239 0.130 0.190 0.005 0.159 -0.017 0.256 0.258 0.097 0.383
M9_403 0.418 -0.016 0.157 0.411 -0.025 0.252 0.345 0.008 0.101 0.116 -0.043 0.041
M1046_2 N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.436 0.220 0.311
MH30_Dreyer 0.022 0.008 0.233 0.497 -0.026 0.242 0.159 -0.017 0.256 0.747 0.535 0.289
Myostatin N/A N/A N/A 0.434 -0.030 0.185 0.243 -0.022 0.165 N/A N/A N/A
Prolactin_1 N/A N/A N/A 0.063 0.081 0.041 0.244 -0.007 0.410 0.148 0.032 0.244
SBF1 0.518 0.182 0.063 0.410 0.036 0.164 0.022 -0.007 0.311 0.635 0.398 0.246
TBC1 N/A N/A N/A 0.167 -0.016 0.393 0.254 0.069 0.062 0.551 0.315 0.239
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Appendix X: Values from BayeScan outlier analysis.  
PP shows the posterior probability of the model including selection.  Log10(PO) shows the 
logarithm of Posterior Odds to the base 10 for the model including selection.  N/A values denote a 
SNP which was monomorphic in the respective river.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PP
Log10
(PO)
Q value Alpha Fst PP
Log10
(PO)
Q value Alpha Fst PP
Log10
(PO)
Q value Alpha Fst
10802 N/A N/A N/A N/A N/A 0.088 -1.018 0.905 0.015 0.156 0.085 -1.032 0.906 0.021 0.352
108025 0.099 -0.961 0.895 -0.064 0.308 0.072 -1.108 0.912 -0.008 0.152 0.090 -1.004 0.900 -0.028 0.345
108125 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.100 -0.954 0.892 0.015 0.352
108291 0.097 -0.970 0.898 0.017 0.320 N/A N/A N/A N/A N/A 0.103 -0.939 0.891 0.026 0.353
111347 0.092 -0.995 0.902 0.027 0.322 N/A N/A N/A N/A N/A 0.107 -0.920 0.888 0.017 0.352
120249 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.087 -1.020 0.904 0.014 0.351
124729 0.068 -1.134 0.911 0.004 0.318 0.074 -1.095 0.910 0.019 0.155 0.087 -1.020 0.904 0.011 0.351
148158 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.089 -1.009 0.901 0.002 0.350
150841 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.091 -1.002 0.900 0.006 0.350
20521 0.091 -1.000 0.903 0.016 0.320 0.088 -1.017 0.905 0.032 0.158 0.076 -1.082 0.911 -0.017 0.346
207392 0.091 -1.001 0.903 -0.037 0.312 0.078 -1.073 0.909 -0.012 0.152 0.082 -1.047 0.906 0.017 0.352
214079 0.082 -1.050 0.906 0.006 0.318 0.092 -0.996 0.902 -0.039 0.150 0.103 -0.939 0.891 -0.070 0.339
21765 0.067 -1.141 0.912 0.014 0.319 0.079 -1.067 0.908 0.039 0.158 0.082 -1.050 0.907 -0.019 0.346
220371 N/A N/A N/A N/A N/A 0.096 -0.975 0.901 0.017 0.156 0.081 -1.052 0.907 0.003 0.350
22486 0.087 -1.021 0.904 0.013 0.319 0.097 -0.968 0.900 -0.041 0.150 0.092 -0.992 0.897 -0.040 0.343
22946 0.097 -0.968 0.898 -0.031 0.313 N/A N/A N/A N/A N/A 0.092 -0.993 0.897 0.004 0.350
23539 0.092 -0.992 0.900 0.052 0.325 0.069 -1.130 0.913 -0.008 0.152 0.088 -1.013 0.903 0.039 0.355
261690 0.087 -1.020 0.904 0.013 0.319 0.098 -0.966 0.900 -0.031 0.151 0.088 -1.013 0.903 0.007 0.350
283548 0.092 -0.992 0.900 0.018 0.320 N/A N/A N/A N/A N/A 0.081 -1.055 0.908 0.014 0.351
291080 0.119 -0.869 0.881 0.105 0.334 0.077 -1.079 0.909 -0.016 0.152 0.080 -1.059 0.908 0.008 0.350
294904 0.097 -0.968 0.898 0.019 0.320 0.095 -0.980 0.901 0.020 0.157 N/A N/A N/A N/A N/A
313767 0.071 -1.117 0.910 0.011 0.318 0.079 -1.064 0.908 -0.022 0.151 0.082 -1.048 0.907 0.027 0.353
330994 0.091 -0.997 0.902 0.020 0.320 0.082 -1.051 0.907 -0.024 0.151 0.112 -0.898 0.886 -0.091 0.337
334713 0.102 -0.946 0.891 0.030 0.322 N/A N/A N/A N/A N/A 0.085 -1.033 0.906 0.009 0.350
343160 0.099 -0.958 0.893 0.026 0.322 N/A N/A N/A N/A N/A 0.084 -1.040 0.906 0.007 0.350
353804 0.088 -1.018 0.903 -0.034 0.312 0.091 -1.002 0.903 -0.040 0.150 0.079 -1.065 0.909 0.020 0.352
36113 N/A N/A N/A N/A N/A 0.099 -0.960 0.899 0.027 0.158 0.099 -0.958 0.893 0.005 0.350
363926 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.092 -0.996 0.899 0.011 0.351
39628 0.076 -1.085 0.909 -0.014 0.315 0.097 -0.970 0.900 0.044 0.159 0.078 -1.074 0.910 0.031 0.354
57318 N/A N/A N/A N/A N/A 0.100 -0.954 0.899 0.018 0.157 0.118 -0.872 0.882 -0.095 0.336
58232 0.098 -0.962 0.896 -0.034 0.313 N/A N/A N/A N/A N/A 0.093 -0.989 0.896 -0.044 0.343
58352 0.103 -0.941 0.889 -0.052 0.311 0.095 -0.977 0.901 0.012 0.156 0.078 -1.073 0.910 -0.023 0.346
58413 0.111 -0.903 0.885 -0.082 0.306 0.083 -1.044 0.906 -0.025 0.151 0.090 -1.005 0.901 -0.051 0.342
59179 0.082 -1.051 0.907 0.013 0.319 0.089 -1.011 0.903 -0.022 0.152 0.086 -1.024 0.905 -0.031 0.345
59448 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.079 -1.068 0.909 0.002 0.349
59508 0.098 -0.966 0.897 0.031 0.322 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
60276 0.084 -1.035 0.905 0.012 0.319 0.099 -0.960 0.899 0.029 0.158 0.089 -1.012 0.902 0.021 0.352
70445 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.089 -1.010 0.902 0.004 0.350
91693 0.082 -1.048 0.906 -0.031 0.313 0.101 -0.948 0.897 -0.046 0.149 0.112 -0.897 0.885 0.093 0.363
97286 0.069 -1.129 0.911 -0.016 0.315 0.079 -1.068 0.909 -0.007 0.152 0.099 -0.961 0.894 0.065 0.359
97831 0.077 -1.079 0.908 0.021 0.320 0.101 -0.950 0.898 0.052 0.160 0.091 -0.997 0.899 0.005 0.350
GH1 0.082 -1.051 0.907 0.038 0.323 0.071 -1.115 0.913 0.007 0.154 0.075 -1.090 0.911 0.016 0.351
GH2_165 0.085 -1.032 0.905 0.017 0.320 0.086 -1.028 0.906 0.026 0.157 0.086 -1.025 0.905 0.038 0.355
M9_403 0.095 -0.979 0.899 0.062 0.327 0.074 -1.096 0.911 -0.011 0.152 0.092 -0.994 0.898 -0.045 0.343
M1046_2 0.072 -1.109 0.909 0.026 0.321 0.089 -1.012 0.904 -0.028 0.151 0.108 -0.919 0.887 -0.077 0.338
MH30_Dreyer 0.086 -1.024 0.904 -0.037 0.312 0.086 -1.025 0.905 -0.024 0.151 0.077 -1.079 0.910 0.025 0.353
Myostatin 0.098 -0.962 0.896 -0.043 0.311 0.091 -1.002 0.903 -0.030 0.151 0.085 -1.031 0.905 0.022 0.353
Prolactin_1 0.080 -1.058 0.907 0.019 0.320 0.089 -1.012 0.904 0.034 0.158 0.080 -1.059 0.908 -0.024 0.345
SBF1 0.078 -1.073 0.908 -0.018 0.314 0.101 -0.951 0.898 -0.049 0.149 0.088 -1.018 0.904 0.000 0.349
TBC1 0.071 -1.115 0.910 -0.007 0.316 0.073 -1.106 0.912 0.015 0.155 0.096 -0.975 0.895 -0.057 0.341
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PP
Log10
(PO)
Q value Alpha Fst PP
Log10
(PO)
Q value Alpha Fst PP
Log10
(PO)
Q value Alpha Fst
10802 0.089 -1.010 0.903 0.018 0.326 0.091 -0.999 0.902 0.009 0.432 0.090 -1.003 0.905 -0.032 0.103
108025 0.108 -0.919 0.890 -0.076 0.315 0.096 -0.973 0.897 -0.062 0.425 0.085 -1.030 0.907 -0.019 0.104
108125 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
108291 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
111347 N/A N/A N/A N/A N/A 0.098 -0.964 0.895 0.026 0.434 N/A N/A N/A N/A N/A
120249 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
124729 0.082 -1.047 0.909 0.038 0.329 0.093 -0.988 0.899 0.010 0.432 N/A N/A N/A N/A N/A
148158 N/A N/A N/A N/A N/A 0.084 -1.039 0.908 0.009 0.432 N/A N/A N/A N/A N/A
150841 0.092 -0.996 0.898 0.016 0.326 0.092 -0.994 0.900 0.012 0.433 N/A N/A N/A N/A N/A
20521 0.094 -0.984 0.895 0.011 0.326 0.088 -1.015 0.904 0.002 0.431 N/A N/A N/A N/A N/A
207392 0.083 -1.046 0.909 -0.024 0.321 0.087 -1.023 0.906 0.011 0.433 N/A N/A N/A N/A N/A
214079 0.082 -1.048 0.910 0.015 0.326 0.095 -0.977 0.898 -0.038 0.427 N/A N/A N/A N/A N/A
21765 0.084 -1.040 0.909 -0.022 0.321 0.085 -1.030 0.907 0.005 0.432 N/A N/A N/A N/A N/A
220371 0.092 -0.993 0.897 0.010 0.326 0.088 -1.018 0.904 0.008 0.432 0.089 -1.009 0.906 -0.024 0.104
22486 0.090 -1.007 0.902 0.013 0.326 0.079 -1.065 0.910 0.034 0.435 0.095 -0.980 0.903 0.023 0.109
22946 N/A N/A N/A N/A N/A 0.103 -0.940 0.888 0.020 0.433 0.095 -0.980 0.903 0.010 0.108
23539 0.086 -1.028 0.906 0.020 0.327 0.113 -0.893 0.884 -0.088 0.422 N/A N/A N/A N/A N/A
261690 N/A N/A N/A N/A N/A 0.087 -1.020 0.905 0.010 0.432 N/A N/A N/A N/A N/A
283548 0.082 -1.048 0.910 0.027 0.328 0.083 -1.046 0.908 0.006 0.432 N/A N/A N/A N/A N/A
291080 0.087 -1.021 0.905 0.033 0.328 0.087 -1.020 0.905 0.007 0.432 0.099 -0.961 0.899 0.025 0.110
294904 0.081 -1.052 0.910 0.012 0.326 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
313767 0.073 -1.105 0.912 0.006 0.325 0.088 -1.013 0.904 -0.041 0.427 0.079 -1.068 0.910 0.014 0.107
330994 0.109 -0.911 0.888 -0.064 0.316 0.080 -1.061 0.909 0.018 0.433 N/A N/A N/A N/A N/A
334713 N/A N/A N/A N/A N/A 0.089 -1.012 0.903 0.002 0.432 N/A N/A N/A N/A N/A
343160 N/A N/A N/A N/A N/A 0.087 -1.023 0.906 0.006 0.432 N/A N/A N/A N/A N/A
353804 0.073 -1.105 0.912 0.015 0.326 0.081 -1.057 0.909 0.024 0.434 0.084 -1.040 0.908 -0.012 0.105
36113 0.089 -1.010 0.903 0.010 0.326 0.091 -0.997 0.901 0.015 0.433 N/A N/A N/A N/A N/A
363926 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
39628 0.086 -1.025 0.905 -0.041 0.319 0.083 -1.046 0.908 0.002 0.432 0.092 -0.993 0.904 -0.022 0.104
57318 0.090 -1.006 0.901 0.013 0.326 0.092 -0.995 0.900 -0.001 0.431 0.091 -1.002 0.905 0.018 0.109
58232 0.089 -1.012 0.904 0.013 0.326 0.090 -1.005 0.903 0.002 0.432 N/A N/A N/A N/A N/A
58352 0.089 -1.008 0.902 0.008 0.325 0.086 -1.029 0.907 -0.003 0.431 N/A N/A N/A N/A N/A
58413 0.114 -0.891 0.886 -0.074 0.315 0.080 -1.061 0.909 -0.022 0.429 0.081 -1.054 0.909 -0.021 0.104
59179 0.094 -0.982 0.894 -0.052 0.318 0.085 -1.031 0.907 0.021 0.433 N/A N/A N/A N/A N/A
59448 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
59508 N/A N/A N/A N/A N/A 0.096 -0.973 0.897 0.026 0.434 0.095 -0.981 0.903 -0.029 0.104
60276 N/A N/A N/A N/A N/A 0.102 -0.946 0.892 0.016 0.433 N/A N/A N/A N/A N/A
70445 N/A N/A N/A N/A N/A 0.099 -0.957 0.894 0.020 0.433 N/A N/A N/A N/A N/A
91693 0.085 -1.033 0.908 0.034 0.328 0.118 -0.873 0.882 -0.109 0.420 N/A N/A N/A N/A N/A
97286 0.085 -1.030 0.907 0.010 0.325 0.102 -0.944 0.891 -0.071 0.424 0.094 -0.986 0.904 -0.041 0.103
97831 0.080 -1.059 0.910 0.032 0.328 0.096 -0.974 0.898 0.006 0.432 0.087 -1.020 0.907 -0.025 0.104
GH1 0.084 -1.035 0.908 0.011 0.325 0.078 -1.071 0.911 0.003 0.432 N/A N/A N/A N/A N/A
GH2_165 0.084 -1.040 0.909 0.025 0.327 0.086 -1.029 0.907 0.016 0.433 0.087 -1.019 0.906 -0.022 0.104
M9_403 0.086 -1.026 0.906 -0.036 0.319 0.079 -1.068 0.910 0.008 0.432 0.103 -0.938 0.897 -0.049 0.103
M1046_2 0.086 -1.026 0.906 0.014 0.326 0.089 -1.010 0.903 -0.002 0.431 N/A N/A N/A N/A N/A
MH30_Dreyer 0.106 -0.928 0.891 -0.069 0.316 0.080 -1.063 0.910 0.019 0.433 0.095 -0.978 0.901 0.024 0.110
Myostatin 0.086 -1.029 0.907 0.011 0.326 0.084 -1.038 0.908 0.023 0.434 N/A N/A N/A N/A N/A
Prolactin_1 0.086 -1.029 0.907 0.039 0.329 0.082 -1.049 0.908 0.022 0.434 N/A N/A N/A N/A N/A
SBF1 0.079 -1.067 0.911 0.017 0.326 0.092 -0.996 0.901 0.017 0.433 0.079 -1.064 0.910 0.010 0.106
TBC1 0.085 -1.031 0.908 0.027 0.328 0.085 -1.034 0.907 0.026 0.434 N/A N/A N/A N/A N/A
Locus
Guanapo Lopinot Marianne
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PP
Log10
(PO)
Q value Alpha Fst PP
Log10
(PO)
Q value Alpha Fst PP
Log10
(PO)
Q value Alpha Fst
10802 0.083 -1.042 0.909 -0.031 0.073 0.086 -1.029 0.908 -0.018 0.045 0.071 -1.115 0.913 -0.004 0.231
108025 0.099 -0.961 0.895 -0.036 0.072 0.086 -1.026 0.907 -0.032 0.044 N/A N/A N/A N/A N/A
108125 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
108291 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
111347 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
120249 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
124729 N/A N/A N/A N/A N/A 0.095 -0.978 0.902 -0.030 0.044 0.094 -0.985 0.903 -0.041 0.227
148158 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
150841 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
20521 0.089 -1.010 0.905 -0.033 0.072 0.095 -0.981 0.903 -0.025 0.045 0.095 -0.981 0.902 0.054 0.242
207392 0.085 -1.032 0.908 -0.027 0.073 0.089 -1.012 0.906 -0.029 0.044 0.094 -0.986 0.903 0.027 0.238
214079 N/A N/A N/A N/A N/A 0.093 -0.988 0.904 -0.027 0.044 0.089 -1.009 0.906 0.041 0.239
21765 N/A N/A N/A N/A N/A 0.095 -0.981 0.903 -0.030 0.044 0.086 -1.024 0.907 -0.016 0.230
220371 0.095 -0.980 0.902 -0.031 0.073 0.082 -1.047 0.909 -0.007 0.045 0.071 -1.117 0.914 -0.017 0.229
22486 0.085 -1.034 0.908 -0.022 0.073 0.091 -0.999 0.905 -0.019 0.045 0.092 -0.995 0.905 0.003 0.233
22946 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
23539 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.096 -0.975 0.901 0.059 0.243
261690 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
283548 0.079 -1.068 0.910 0.006 0.075 0.094 -0.984 0.904 -0.025 0.045 N/A N/A N/A N/A N/A
291080 0.096 -0.974 0.900 -0.034 0.072 0.085 -1.034 0.909 -0.020 0.045 0.093 -0.991 0.904 -0.039 0.226
294904 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
313767 0.085 -1.031 0.908 -0.026 0.073 0.088 -1.014 0.906 -0.027 0.044 0.078 -1.070 0.911 -0.002 0.232
330994 0.091 -0.999 0.904 0.035 0.078 0.086 -1.029 0.908 -0.032 0.044 0.086 -1.026 0.908 0.039 0.239
334713 N/A N/A N/A N/A N/A 0.090 -1.007 0.905 0.003 0.046 N/A N/A N/A N/A N/A
343160 N/A N/A N/A N/A N/A 0.096 -0.974 0.899 -0.015 0.045 N/A N/A N/A N/A N/A
353804 0.097 -0.970 0.898 -0.034 0.073 0.084 -1.040 0.909 -0.004 0.045 0.079 -1.067 0.910 0.038 0.238
36113 N/A N/A N/A N/A N/A 0.095 -0.977 0.901 0.000 0.046 N/A N/A N/A N/A N/A
363926 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
39628 0.091 -1.002 0.904 0.037 0.078 0.086 -1.029 0.908 -0.030 0.044 0.100 -0.955 0.899 -0.050 0.225
57318 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.084 -1.035 0.908 0.006 0.234
58232 N/A N/A N/A N/A N/A 0.099 -0.959 0.897 0.011 0.047 0.092 -0.995 0.905 -0.004 0.232
58352 N/A N/A N/A N/A N/A 0.095 -0.979 0.902 -0.019 0.045 0.089 -1.010 0.906 -0.044 0.226
58413 0.080 -1.059 0.910 -0.013 0.074 0.088 -1.014 0.906 -0.021 0.045 0.084 -1.040 0.909 0.016 0.235
59179 0.088 -1.017 0.906 -0.032 0.072 0.086 -1.029 0.908 0.027 0.047 0.091 -0.998 0.905 -0.043 0.226
59448 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
59508 N/A N/A N/A N/A N/A 0.089 -1.009 0.906 -0.002 0.046 0.094 -0.983 0.902 0.017 0.236
60276 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
70445 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
91693 0.095 -0.977 0.901 0.030 0.077 0.080 -1.059 0.911 -0.016 0.045 0.091 -0.998 0.905 -0.054 0.225
97286 0.092 -0.996 0.903 0.035 0.078 0.078 -1.070 0.911 0.010 0.046 0.072 -1.110 0.913 -0.010 0.230
97831 0.081 -1.056 0.910 -0.017 0.073 0.093 -0.991 0.905 -0.026 0.044 0.087 -1.019 0.907 0.035 0.239
GH1 0.086 -1.024 0.907 -0.028 0.073 0.107 -0.922 0.893 0.057 0.050 0.092 -0.996 0.905 -0.040 0.226
GH2_165 0.110 -0.906 0.890 0.087 0.083 0.083 -1.046 0.909 0.005 0.046 0.099 -0.961 0.900 -0.057 0.224
M9_403 0.094 -0.985 0.902 -0.032 0.073 0.081 -1.055 0.910 -0.011 0.045 N/A N/A N/A N/A N/A
M1046_2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.079 -1.069 0.910 0.029 0.237
MH30_Dreyer 0.089 -1.010 0.905 -0.041 0.072 0.093 -0.988 0.904 -0.024 0.044 0.075 -1.094 0.912 0.036 0.237
Myostatin 0.093 -0.989 0.903 -0.032 0.073 0.081 -1.057 0.911 -0.016 0.045 0.085 -1.030 0.908 0.038 0.239
Prolactin_1 0.097 -0.971 0.899 0.035 0.078 0.082 -1.051 0.910 -0.024 0.044 0.079 -1.064 0.910 -0.035 0.227
SBF1 0.086 -1.024 0.907 -0.020 0.073 0.085 -1.031 0.908 0.011 0.046 0.080 -1.063 0.909 -0.032 0.227
TBC1 0.083 -1.042 0.909 -0.020 0.073 0.082 -1.050 0.910 0.021 0.046 0.074 -1.097 0.912 0.007 0.233
Oropuche Turure Yara
Locus
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Appendix XI: AMOVA results for each SNP from the analysis of the wild fish.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Varience 
component
% 
variation
FSC P-value
Varience 
component
% 
variation
FST P-value
Varience 
component
% 
variation
FCT P-value
10802 0.01 9.61 0.16 0.00 0.02 14.71 0.24 0.00 0.09 75.67 0.10 0.06
20521 0.02 15.95 0.20 0.00 0.02 16.81 0.33 0.00 0.09 67.23 0.16 0.05
21765 0.02 10.14 0.35 0.00 0.06 31.47 0.42 0.00 0.11 58.39 0.10 0.19
22486 0.08 38.30 0.33 0.00 0.04 20.36 0.59 0.00 0.08 41.34 0.38 0.04
22946 0.00 0.64 -0.01 0.47 0.00 -0.59 0.00 0.40 0.01 99.95 0.01 0.28
23539 0.08 30.85 0.22 0.00 0.04 15.23 0.46 0.00 0.14 53.91 0.31 0.01
36113 0.00 0.18 0.00 0.37 0.00 0.03 0.00 0.30 0.01 99.79 0.00 0.60
39628 0.02 12.08 0.15 0.00 0.03 13.48 0.26 0.00 0.14 74.44 0.12 0.06
57318 0.01 12.71 0.00 0.36 0.00 -0.10 0.13 0.00 0.04 87.40 0.13 0.01
58232 0.00 4.11 0.03 0.02 0.00 3.13 0.07 0.00 0.04 92.76 0.04 0.19
58352 0.00 3.28 0.21 0.00 0.02 20.51 0.24 0.00 0.06 76.21 0.03 0.11
58413 0.04 16.81 0.18 0.00 0.03 14.61 0.31 0.00 0.16 68.58 0.17 0.05
59179 0.02 11.22 0.16 0.00 0.02 13.92 0.25 0.00 0.13 74.86 0.11 0.08
59448 0.00 -16.87 0.35 0.00 0.00 40.79 0.24 0.00 0.01 76.09 -0.17 0.83
59508 0.00 2.42 0.00 0.59 0.00 -0.43 0.02 0.02 0.01 98.01 0.02 0.06
60276 0.00 0.12 -0.01 0.63 0.00 -0.84 -0.01 0.91 0.01 100.72 0.00 0.88
70445 0.00 2.22 0.00 0.32 0.00 0.20 0.02 0.01 0.01 97.58 0.02 0.14
91693 0.06 24.72 0.21 0.00 0.04 16.15 0.41 0.00 0.14 59.13 0.25 0.03
97286 0.01 5.49 0.26 0.00 0.06 24.42 0.30 0.00 0.17 70.09 0.05 0.17
97831 0.02 20.18 0.08 0.00 0.01 6.63 0.27 0.00 0.09 73.19 0.20 0.02
108025 -0.01 -2.93 0.18 0.00 0.04 18.31 0.15 0.00 0.16 84.62 -0.03 0.54
108125 0.00 -7.10 0.14 0.01 0.00 14.76 0.08 0.00 0.00 92.34 -0.07 0.87
108291 0.00 -4.25 0.08 0.01 0.00 8.74 0.04 0.01 0.00 95.51 -0.04 0.90
111347 0.00 0.43 -0.01 1.00 0.00 -1.29 -0.01 0.97 0.00 100.86 0.00 0.56
120249 0.00 1.90 0.00 0.73 0.00 -0.36 0.02 0.24 0.00 98.46 0.02 0.17
124729 -0.01 -5.13 0.35 0.00 0.05 37.07 0.32 0.00 0.09 68.06 -0.05 0.58
148158 0.00 2.88 0.05 0.01 0.00 4.54 0.07 0.00 0.02 92.59 0.03 0.39
150841 0.00 0.76 0.00 0.48 0.00 -0.28 0.00 0.42 0.01 99.53 0.01 0.41
207392 0.03 18.21 0.14 0.00 0.02 11.23 0.29 0.00 0.12 70.56 0.18 0.02
214079 0.14 57.53 0.11 0.00 0.01 4.78 0.62 0.00 0.09 37.69 0.58 0.00
220371 0.04 33.48 0.16 0.00 0.01 10.53 0.44 0.00 0.07 56.00 0.33 0.01
261690 0.00 0.76 0.03 0.01 0.00 3.41 0.04 0.00 0.03 95.83 0.01 0.54
283548 0.00 2.56 0.11 0.00 0.01 10.57 0.13 0.00 0.07 86.87 0.03 0.19
291080 0.07 29.56 0.31 0.00 0.05 22.04 0.52 0.00 0.11 48.39 0.30 0.04
294904 0.00 0.01 0.09 0.01 0.00 8.86 0.09 0.00 0.01 91.12 0.00 0.33
313767 -0.02 -7.41 0.30 0.00 0.08 32.74 0.25 0.00 0.19 74.67 -0.07 0.67
330994 0.13 48.05 0.08 0.00 0.01 4.41 0.52 0.00 0.13 47.54 0.48 0.00
334713 0.00 1.76 0.07 0.00 0.00 6.50 0.08 0.00 0.03 91.74 0.02 0.51
343160 0.00 2.17 0.03 0.03 0.00 2.66 0.05 0.00 0.02 95.17 0.02 0.27
353804 0.09 34.10 0.23 0.00 0.04 15.18 0.49 0.00 0.13 50.73 0.34 0.02
363926 0.00 1.48 -0.01 0.60 0.00 -0.80 0.01 0.18 0.00 99.33 0.01 0.17
GH1 0.11 46.77 0.16 0.00 0.02 8.52 0.55 0.00 0.10 44.71 0.47 0.01
GH2_165 0.13 50.14 0.21 0.00 0.03 10.64 0.61 0.00 0.10 39.22 0.50 0.00
M009_403 0.06 24.11 0.16 0.00 0.03 12.48 0.37 0.00 0.16 63.42 0.24 0.02
M1046_2 0.13 56.25 0.13 0.00 0.01 5.53 0.62 0.00 0.09 38.23 0.56 0.00
MH30_Dreyer 0.06 23.42 0.21 0.00 0.04 16.40 0.40 0.00 0.15 60.18 0.23 0.03
Myostatin 0.13 53.52 0.11 0.00 0.01 5.17 0.59 0.00 0.10 41.31 0.54 0.00
Prolactin_1 0.12 46.01 0.23 0.00 0.03 12.17 0.58 0.00 0.11 41.82 0.46 0.00
SBF1 0.12 51.27 0.15 0.00 0.02 7.09 0.58 0.00 0.10 41.64 0.51 0.00
TBC1 0.03 13.89 0.22 0.00 0.04 19.04 0.33 0.00 0.15 67.08 0.14 0.06
Between rivers Between sites within rivers Within sites
SNP
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Appendix XII: Percentage variation from the first two principal components for PCA of 
upstream and downstream sites within a river.  
 
 
PC 1 PC 2 PC 1 PC 2 PC 1 PC 2
Airpo 03 34.2 9.2 42.3 13.0 35.0 10.0
Aripo 06 21.4 12.1 24.1 18.3 22.3 13.8
Caura 23.8 7.8 23.7 13.8 24.1 6.1
Guanapo 26.2 13.9 36.6 13.5 25.2 17.4
Lopinot 25.4 10.3 29.8 16.0 28.6 10.2
Marianne 29.7 20.9 30.6 25.6 28.1 24.0
Oropuche 21.6 17.7 31.5 24.8 24.2 16.5
Turure 12.6 12.0 16.9 16.0 16.7 16.0
Yara 36.7 10.9 47.2 20.4 37.1 16.7
River
All SNPs (A) Selected SNPs (C )Neutral SNPs (B )
